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Life histories of Pacific salmon are remarkable in that they return to specific freshwater sites 
to spawn after multiple years of ocean residence. In Chapter 1, I investigated site fidelity at a 
reach scale for Interior Fraser Coho Salmon (Oncorhynchus kisutch) (IFC). Coho Salmon 
eggs were incubated at known spawning locations in the Coldwater River, British Columbia, 
to obtain reference data for comparison to otolith signatures of returning adult salmon. The 
majority of adults (67%) returned to their natal spawning locations at the reach scale, while 
33% strayed to other spawning sites within the Coldwater River, illustrating straying at small 
scales. Straying to novel incubation sites at the reach scale demonstrated plasticity in homing 
within a watershed. In Chapter 2, I investigated the characteristics of the hyporheic redd zone 
over two years where Coho Salmon were observed to spawn. Within a reach, physical 
variables were homogenous, but heterogeneity was found among reaches where Coho 
Salmon were observed to spawn – particularly for intragravel temperature and dissolved 
oxygen. The difference in temperature and dissolved oxygen among sites had a pronounced 
effect on survival, rate of development, and emergence time for Coho Salmon fry. 
Heterogeneity among spawning locations demonstrate trade-offs that exist between rate of 
development and survival. Chapter 3 investigated the effect of low and variable dissolved 
oxygen on developing salmon embryos. A family effect was found as smaller eggs produced 
smaller alevin, but the effect of low dissolved oxygen on growth was also greater for the 
families with small eggs. Treatment affected rate of development and initially had an effect 
on length and mass, but by button-up there was no longer an effect of low dissolved oxygen 
on size. My work demonstrates plasticity in Coho Salmon at different life stages. Plasticity is 
important for utilizing new habitats or adapting to existing habitats as they change. 
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 Pacific salmon have a remarkable life history that involves migration from freshwater 
streams and lakes to the ocean, followed by extensive migrations throughout the north Pacific 
Ocean, and then a subsequent return to their natal streams to spawn. Despite the potential 
peril of moving between fresh water and marine environments, the highest rate of mortality 
throughout the life cycle occurs when salmon embryos are developing in the gravel (Quinn 
2018). Much of the mortality is caused by physical factors such as flow rate, intrusion of fine 
sediments, or river bed movement (Quinn 2018). On average there is only a 25% rate of 
survival from egg to fry for Coho Salmon (Oncorhynchus kisutch) (Quinn 2018; Sandercock 
1991). The embryonic stage is often considered a bottleneck for survival and understanding 
the physical properties of the incubation habitat is important. During this life stage larval 
salmon will experience a variety of environmental conditions.  
 Temperature and dissolved oxygen are two important variables for successful fish 
growth and development, particularly during early incubation and rearing where salmon 
embryos are non-mobile (Hamor and Garside 1976). Temperature is the primary driver for 
incubation length, however dissolved oxygen also plays a role in rate of development (Quinn 
2005; Sandercock 1991). The level of dissolved oxygen is closely correlated with water 
temperature, as water temperature increases the level of dissolved oxygen will decrease 
(Davis 1975). The amount of oxygen required by embryos is dependent on the stage of 
development (Greig et al. 2007; Rombough 1988). In the aquatic environment oxygen is 
scarce, containing just 0.8% of the oxygen content of air at sea level (Davis 1975). The 
reduced level of dissolved oxygen in the aquatic environment is non-uniform. Depending on 
conditions and locations, aquatic organisms may experience normoxic, hypoxic, or anoxic 
 2 
conditions. Instances of hypoxia and anoxia can have deleterious effects; at the extreme, 
mortality will occur, while moderate hypoxia can lead to slowed growth and developmental 
deformities (Alderdice et al. 1958; Del Rio et al. 2019; Swain and Holtby 1989; Wu 2009). 
Together, temperature and dissolved oxygen are known to regulate metabolic processes, 
growth, and behavior (Blaxter 1992; Hamor and Garside 1976). 
 The Coldwater River was chosen as a study area to investigate the incubation 
conditions that embryonic salmon experience due to ease of access and considerable local 
knowledge, combined with previous studies (Douglas 2007; Hatfield 2006; Nelson et al. 
2001; Shrimpton et al. 2014). The Coldwater River watershed is located in South central BC 
on the leeward side of the coast mountains, flowing from high alpine over 1200 m to 590 m 
at the town of Merritt, where it joins, and is a major tributary to the Nicola River. The yearly 
precipitation in the watershed is variable, and ranges from 255 mm in the semi-arid regions 
around Merritt to 1000 mm in the upper catchment (Nelson et al. 2001). The Coldwater River 
is a snow dominated system (Hatfield 2006), with no lake to moderate and regulate river 
flows. Indications of climate change have been observed in the watershed resulting in a shift 
to earlier spring freshet and an increased length of summer low flows that persist into early 
fall (Hatfield 2006). The low flows and the high water temperatures during late summer are a 
stress for fish health (Douglas 2007). The region is important for salmon habitat (Shrimpton 
et al. 2014), particularly for Coho Salmon (O. kisutch), early run Chinook Salmon (O. 
tshawytscha), and Steelhead Trout (O. mykiss) (Nelson et al. 2001). Human impacts in the 
watershed are numerous and include forestry, agriculture, the construction of the Coquihalla 
highway in 1986, the now abandoned Kettle Valley Railway, and the existing trans mountain 
pipeline – but the impact on native populations of fish has been poorly studied.  
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Of the five Pacific salmon species, Coho Salmon are the most wide spread and in BC 
occur in approximately 970 rivers (Sandercock 1991). My research focused on the group of 
fish defined as interior Fraser Coho (IFC) Salmon. These Coho Salmon populations are 
found above the Fraser River Canyon (Hell’s Gate) and are genetically distinct populations 
from coastal portions of the Fraser River (FOC 2002). IFC Salmon have a body type that is 
more streamlined compared to the coastal variety and it is thought that this shape is better 
suited for the longer migrations into the interior of the province (Sandercock 1991). Coho 
Salmon target small headwater streams for spawning that are generally cool and well 
oxygenated, thus providing good incubation habitat (Sandercock 1991). Spawning in Coho 
Salmon occurs from mid-November to mid-December, exposing both adults and embryos to 
cold water temperatures that influence the length of incubation time (Sandercock 1991). Due 
to declining returns, the IFC Salmon were designated as endangered in 2002 by the 
Committee on the Status of Endangered Wildlife in Canada (FOC 2005). Coho are also a 
culturally important species in British Columbia.  
My thesis used IFC Salmon in the Coldwater River watershed as a model to examine 
three aspects of early life history in anadromous salmon; fidelity to spawning sites, 
characteristics of intragravel environment where eggs/alevins develop, and the effect of 
dissolved oxygen on developing alevin. In Chapter 1, I determined that an elemental gradient 
existed among selected spawning study sites which resulted in distinct elemental signatures 
at the outer edge of juvenile otoliths incubated in the river gravel. I then compared these 
signatures to the juvenile portion of otoliths from post spawned IFC Salmon carcasses found 
in the Coldwater River to determine fidelity to spawning sites. My data demonstrates that 
Coho Salmon show site fidelity to selected study sites – an important finding for an 
endangered population. 
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 In Chapter 2, I examined the physical characteristics of the hyporheic zone in the redd 
environment that larval Coho Salmon experience while incubating. Environmental 
parameters of dissolved oxygen, water temperature, electrical conductivity, and specific 
discharge were examined over two years in the Coldwater River. Spawning locations were 
assessed with buried egg capsules containing fertilized eggs to determine survival, growth 
and emergence time. As a result of variation in dissolved oxygen measured in the hyporheic 
redd environment for different locations, I examined the effect of dissolved oxygen (DO) on 
early larval development in a controlled lab setting in Chapter 3. Three treatments of DO 
were examined; saturation (control 10.86 ± 0.10 mg · L–1 at 8ºC), variable DO (12 h at 
saturation 10.64 ± 0.39 mg · L–1 and 12 h at 50% saturation and 5.73 ± 0.57 mg · L–1 at 8ºC) 
and low DO (50% of saturation 5.52 ± 0.38 mg · L–1 at 8ºC). Two families were used to 
assess DO influence on family effect, and to determine if treatment effect differed between 
egg size. 
 My work has helped to fill knowledge gaps on site fidelity and the environmental 
conditions larval Coho Salmon experience during early life development. Understanding 
physical properties of the interstitial gravel space is important when trying to determine how 
rearing environment influences the survival of salmon eggs to emergent fry. Whether salmon 
show site fidelity or a propensity to stray to other locations may influence implementation of 
management decisions and aid in the recovery of an endangered species. In addition, 
providing baseline information is critical to detect shifts in habitat characteristics, which are 
expected to shift in response to climate change (Del Rio et al. 2019). 
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Otolith microchemistry reveals fidelity to spawning sites in 




Coho Salmon (Oncorhynchus kisutch) show remarkable fidelity to natal spawning 
watersheds. Fine scale homing within rivers, however, is not well understood. Interior Fraser 
Coho (IFC) Salmon eggs were incubated at known spawning locations in the Coldwater 
River providing otolith reference data for comparison to otolith signatures for returning adult 
IFC Salmon using laser ablation inductively coupled plasma mass spectrometry. Elemental 
signatures for Ba:Ca and Sr:Ca in otoliths of juvenile Coho Salmon showed significant 
differences among the spawning locations examined. Juvenile otolith data were used to 
conduct a linear discriminant analysis to assess fine scale homing in adult Coho Salmon 
spawners. Juvenile data were all assigned to the location where they had been incubated, 
producing a robust data set used to compare adult otoliths. There were significant differences 
in the otoliths of salmon from the different spawning locations examined. The majority of 
adults (67%) returned to their natal spawning locations at the reach scale, while 33% strayed 
to other spawning sites within the Coldwater River illustrating straying at the reach scale. 





 Among salmonids, genetic divergence is created by reproductive isolation due to 
homing behaviour and spawning site fidelity. Fidelity to natal rivers occurs due to imprinting 
of specific olfactory cues as juvenile salmonids develop in their home river (Dittman and 
Quinn 1996; Quinn 2018; Sandercock 1991). It has been suggested that olfactory imprinting 
will begin soon after hatch in juvenile salmon and continue through to emergence from the 
gravel (Quinn et al. 2006; Quinn et al. 1999).  
 Site fidelity is an important way of enhancing survival by repeatedly making use of 
good spawning habitat (Sandercock 1991). Considerable differences in environmental 
conditions, however, exist among spawning sites within a watershed (Tuor and Shrimpton 
2019); Chapter 2), and there is little information on whether adult salmon return to specific 
locations within a watershed to spawn. Among watersheds, a small percentage of salmon will 
stray to other locations, a critical evolutionary feature (Keefer and Caudill 2014; Walter et al. 
2009). Straying is also an important mechanism to extend species range (Sandercock 1991) 
and to protect against adverse stochastic events impacting specific spawning habitats or stock 
years (Quinn 2018). Rates of straying are dependent on a number of factors such as species 
(Quinn 2018; Westley et al. 2013), population (Keefer and Caudill 2014; Quinn 2018), life 
history strategy (Keefer and Caudill 2014), genetics (Keefer and Caudill 2014; Quinn 2018), 
environmental conditions (Westley et al. 2013), and hatchery or transplant influence (Keefer 
and Caudill 2014; Westley et al. 2013). Determining whether fish show strong site fidelity or 
spawn more opportunistically is therefore important in defining management practices for 
habitat protection, but difficult for semelparous species such as Pacific salmon due to the 
small size of fish when they leave the natal redd.  
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 An approach that may be useful to define site fidelity is otolith microchemistry. 
Otoliths provide a chronological record of the environmental conditions that fish are exposed 
to over their lifetime (Campana and Thorrold 2001; Campana 1999; Gillanders 2005). 
Otoliths are metabolically inert, grow continuously over the life time of the fish, and will not 
be reabsorbed (Campana 1999). Elements incorporated into otoliths are directly proportional 
to elemental uptake from the surrounding water (Campana and Thorrold 2001). Elemental 
signatures from the cores of otoliths may be informative of environmental conditions in redds 
during the early life history of larval salmon. Otolith composition of larval fish, however, is 
influenced by maternal nutrients (Volk et al. 2000). Determining the end of the maternal 
signature and the start of the juvenile signature has proven to be difficult and complex (Hegg 
et al. 2019). 
 Showing fidelity to specific spawning sites will identify locations that contribute to 
successful completion of life history for a species – which is particularly important for 
threatened or vulnerable populations. Due to declining returns, the Interior Fraser Coho (IFC) 
Salmon (Oncorhynchus kisutch) were designated as endangered in 2002 by the Committee on 
the Status of Endangered Wildlife in Canada (FOC 2005). The decline of IFC may be related 
to several factors such as changes in the ocean conditions, overfishing, and alteration of 
freshwater habitats (Bradford and Irvine 2000). IFC Salmon are genetically distinct from 
coastal populations of the lower Fraser River and are thought to be descendants from upper 
Columbia River populations of Coho Salmon (FOC 2002). IFC Salmon target small 
headwater streams to spawn in, with discharges ranging between 5.0 and 6.8 m3 · min–1, 
streams less than 1.0 m in depth, and substrate size 15 cm on average or smaller (Sandercock 
1991). Small headwater streams are cool, 1 to 8 °C (McPhail 2007) and are well oxygenated 
and are believed to provide good incubation habitat. Headwater streams potentially differ in 
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chemical signatures because underlying geology often differs over relatively small scales 
(Clarke et al. 2007a). Difference in elemental water signatures allow small streams to be 
distinguished allowing classification of water and otoliths to a specific location or watershed 
(Wells et al. 2003).  
 In northern areas where freezing occurs, salmon may seek areas with upwelling 
groundwater for spawning (Quinn 2005). For IFC Salmon that spawn from November to 
January, surface water temperatures are often close to freezing and significantly colder than 
intragravel water temperature (Tuor and Shrimpton 2019). Duration for incubation for Coho 
Salmon is up to 6 months or more in the gravel, followed by 15 months rearing in fresh water 
before smolting and migration to ocean. Depending on habitat conditions in the redd, survival 
can range from 0% to 85% (Sandercock 1991); the highest rates of mortality for a life-history 
stage in Pacific salmon (Quinn 2005).  
 My first objective was to determine if distinct elemental signatures exist at the outer 
edge of otoliths for alevin that can be used to differentiate among spawning locations. My 
second objective was to assess spawning site fidelity within a watershed by comparing the 
natal elemental signatures of spawning IFC Salmon to the elemental signatures of the water 
in locations where the fish were observed to spawn. Information on spawning site fidelity is 
important for an endangered population to protect specific habitat locations for the life 
history stage with the highest levels of mortality.  
Methods  
Study location 
The Coldwater River is a major tributary to the Nicola River in south central British 
Columbia (Figure 1.1). With a length of 95 km and an area of 914 km2, the Coldwater River 
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flows from an elevation of over 1200 m to 590 m at the city of Merritt where it joins the 
Nicola River (Nelson et al. 2001). The watershed is snow dominated with summer low flows 
occurring in late August through to September (Hatfield 2006). Vehicle access to headwater 
reaches is good following the completion of the Coquihalla Highway and there is 
considerable knowledge of spawning locations and habitat use by juvenile salmon in the 
watershed (Douglas 2007; Hatfield 2006; Nelson et al. 2001; Shrimpton et al. 2014). Three 
locations where Coho Salmon have repeatedly been observed to spawn are in the Coldwater 
River above the highways maintenance yard (Upper Coldwater 49°38'48.22"N, 121° 
1'47.51"W), in the Coldwater River upstream of the confluence with Mine Creek 
(49°40'53.78"N, 121° 0'42.36"W), and off channel habitat known as Juliet Pond 
(49°45'34.43"N, 121° 0'25.84"W). The Upper Coldwater site is predominately small gravel 
with a low gradient where the river meanders through mature coniferous forest. Mine Creek 
consists of coarse gravels, cobbles and sand, with log jams throughout a braided section. 
Intragravel characteristics of Upper Coldwater and Mine Creek sites are both cold and well 
oxygenated (Chapter 2). Juliet Pond is an off-channel habitat, augmented by man-made 
berms with the presence of beavers. It is groundwater fed, resulting in stable water 
temperatures and low dissolved oxygen. Substrate at Juliet Pond ranges from coarse gravels 




Figure 1.1. Nicola watershed, with six sub-basins of Lower Nicola, Guichon Creek, Upper 
Nicola, Quilchena Creek, Spius Creek and Coldwater River. Stars represent Spius Creek 
Salmon Enhancement Facility (Spius Creek hatchery), the city of Merritt, and three Coho 
Salmon spawning locations examined in the present study; Upper Coldwater, Mine Creek 
and Juliet Pond.  
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Water Chemistry 
 Shrimpton et al. (2014) found substantial differences in elemental signatures for water 
samples collected in the Coldwater River. In addition to the data from Shrimpton et al. 
(2014), water samples were collected from the Coldwater River at locations where Coho 
Salmon spawn using the methods outlined by Shiller (2003) as modified by (Clarke et al. 
2007b). Bottles and syringes were rinsed with ultra-pure water, then soaked over five days in 
a 2% solution of high purity nitric acid. Water samples were collected in mid-March 2018, 
during the period of winter river low flows, when baseflow (groundwater) represents a larger 
proportion of river water (Power et al. 1999). Water samples collected during baseflow best 
represent elemental signatures in water samples as there is minimal dilution from overland 
surface water runoff (Lee and Cherry 1978). Water samples were filtered and preserved in 
the field with 600 µl of HNO3 added to a 30 ml water sample to create a 2% solution. Two 
surface water samples were collected in replicate per site with three field blank samples (total 
n = 15) Analysis of water samples was conducted at Northern Analytical Laboratory Services 
(NALS) at UNBC, using an inductively coupled plasma – optical emission spectrometer 
(ICP-OES) (model 5100 Agilent Technologies, Santa Clara, USA). Water samples were 
analyzed for Calcium (Ca), Barium (Ba), Strontium (Sr), Zinc (Zn), Magnesium (Mg), 
Manganese (Mn), and Rubidium (Rb). Field blanks were handled in the same manner as field 
samples.  
Otolith collection 
 Juvenile otoliths were collected in late spring to mid-summer 2018 and 2019 from 
larval Coho Salmon incubated in artificial redds that were constructed the previous fall in 
2017 and 2018 (Total n = 19, Upper Coldwater n = 6, Mine Creek n = 7, Juliet Pond n = 6). 
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Otolith collection varied depending on the rate of development at each site, but sample dates 
were chosen to collect alevin that were close to button up. A one-year old parr was found 
dead in Juliet Pond (2018) and was added to the data set; all other juvenile data were from 
egg capsules. Juveniles were euthanized in a solution of lethal 200 mg l−1 tricaine methane 
sulfonate (MS-222) buffered with 400 mg l−1 sodium bicarbonate, then frozen for later otolith 
extraction. Juvenile otoliths were carefully extracted under a light dissecting microscope 
(approximate size, 0.6 mm). Adult otoliths were collected during the fall spawning season in 
2017 and 2018. Otoliths were collected from dead post spawned adult carcasses found at 
Upper Coldwater in 2018 (n = 5), Mine Creek in 2018 (n = 3), and Juliet Pond sites in 2017 
(n = 4) and 2018 (n = 8). Additional adult otoliths collected in 2006 from the Upper 
Coldwater (n = 3), Mine Creek (n = 2), and Juliet Pond (n = 2) were included in the analysis 
(Shrimpton et al. 2014). The University of Northern British Columbia Animal Care and Use 
Committee approved all fish transport and sampling procedures (protocol 2018-09).  
Otolith analysis 
 Elemental analysis on otoliths was conducted at TrichAnalytics Inc. (Saanichton, BC) 
following in house laboratory procedures, using a ESI NWR 213 laser ablation (LA) module 
coupled to a Thermo Scientific iCAP RQ Inductively Coupled Plasma Mass Spectrometer 
(ICP-MS). Due to size differences between adult and juvenile otoliths, two ablation 
approaches were needed. Juvenile otoliths were directly embedded in epoxy on glass slides. 
The minute size did not permit standard sanding and polishing methods. Therefore, the small 
otoliths were ablated twice, once for removal of epoxy residue and otolith surface layer at 
10% power, then for data acquisition at 40% power. Adult otoliths were mounted in epoxy, 
then polished with lapping papers with 320, 600, and 1200 grit sizes. After final sanding, 
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samples were rinsed with clean distilled water prior to ablation at 60% power. The otolith 
ablation diameter was set at 30 µm with a moving speed of 5 µm · s–1, and set to a frequency 
of 20 Hz. An internal reference standard for Calcium (Ca) of 40% was used during otolith 
ablation. The LA-ICP-MS machine was calibrated with a reference standard 8.5% (NIST 
612). Elemental concentrations were calculated by correcting the sample signal intensity to 
the background signal, then to the average intensity standard of the selected element, 
followed by correcting to the recovery of the internal standard (Ca) in the sample relative to 
the external standard. 
 Otolith data was visually inspected for quality by plotting data in Microsoft Excel 
(version 16.16.14). Data was smoothed with a running average for every 10 data points 
(length averaged 5.2 to 6.2 µm) and epoxy signatures on otolith outer edges were removed. 
Juvenile sections were assessed visually to determine the best edge (left or right). Once 
selected, the outer 15 µm of each juvenile otolith was averaged to produce a representative 
elemental otolith signature for the natal redd environment.  
To remove epoxy signatures and to smooth data, adult otolith data followed the same 
initial approach as juvenile otoliths. Each adult section was plotted and visually assessed for 
quality of ablation. For natal adult elemental signatures, data was examined from the line 
scan 300 µm on either side of otolith core. Each adult section was visually assessed for core 
center by analyzing plots of Ba:Ca, Mn:Ca, and Sr:Ca ratios in R version 3.6.2 (R Core Team 
2019). Once core center was determined Ba data was analyzed in R using a breakpoint 
analysis from the R package “segmented” (Muggeo 2003; Muggeo 2008) to identify the 
switch from the maternal signature to the environmental signature. Visual breakpoints were 
suggested in the “segmented” R program and the model was run to determine calculated 
breakpoints. Model outputs were assessed with the following criteria; expected breakpoints 
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were between 50 µm and 250 µm (Hamann and Kennedy 2012; Hegg et al. 2019), from core 
center on the left and right side. Breakpoints at a distance greater than 50 µm from the core 
were used to limit potential influence of marine derived maternal signatures, and less than 
250 µm to capture elemental signatures for alevin prior to gravel emergence, thus 
representing the incubation environment. Work by Hegg et al. (2019) found typical 
breakpoints in Chinook Salmon (O. tshawytscha) could be expected at approximately150 µm 
from core center, therefore 150 µm was used as a starting point to asses breakpoints. If 
multiple breakpoints existed in the otolith section the closest point to 150 µm was selected. 
After breakpoints were determined and selected, elemental signatures for 15 µm beyond the 
selected breakpoint were averaged, generating data on the environmental conditions Coho 
Salmon experienced while incubating in the gravel. The juvenile Coho Salmon parr collected 
from Juliet Pond was analyzed using the adult method with results grouped into the juvenile 
data set for further analysis.  
 Juvenile ablation data and incubation location was used as a reference to compare, 
adult otolith data to carcass collection location. Data was log transformed to improve 
homoscedasticity. A linear discriminant analysis (LDA) in the R package “MASS” (Venables 
and Ripley 2002) was used to categorize ablation data to collection location. Juvenile data 
was used to create a model, after which adult data was input to classify natal locations for 
adult spawners and compare to collection location. Juvenile data was plotted with 95% 
confidence ellipses and adult data was added to assess classification of data visually.  
Results 
 Analysis of water chemistry found a strong elemental gradient in Ba:Ca and Sr:Ca for 
the Coldwater River (Figure 1.2). Data from Shrimpton et al. (2014) supplemented with 
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additional water samples from my analysis found that Coldwater River elemental signatures 
are distinct from the adjacent Nicola River (NR), Thompson River (TR), and Spius Creek 
(SC – a tributary to the Nicola River). Additionally, the three study sites differed in Sr:Ca 
and Ba:Ca ratios; the Upper Coldwater had the highest values, Mine Creek was intermediate, 
and Juliet Pond had the lowest elemental ratios.  
 Elemental line scans of otoliths from juvenile and adult Coho Salmon showed 
considerable variation in both Ba:Ca and Sr:Ca ratios. For juvenile Coho Salmon collected 
from the Coldwater River near Mine Creek, Ba:Ca ratios were lowest at the core and 
increased toward the outer margin of the otolith (Figure 1.3a). For adult Coho Salmon, the 
line scan for Ba:Ca showed considerable variation over the life history of the fish (Figure 
1.3b). Examination of the core for the Mine Creek adult otolith revealed that the maternal and 
early environmental signature exhibited a pattern similar to the elemental signatures seen in 
juveniles (Figure 1.3c). The break-point value at –150 µm from the core for the adult defined 
the transition from the maternal to environmental signature and the Ba:Ca was similar to that 
found at the outer edge of the juvenile otolith. The line scan values beyond the break-point 
likely represent movement to locations with different elemental signatures following gravel 
emergence. Elemental signatures of Sr:Ca for juvenile Coho Salmon showed the opposite 
pattern to Ba:Ca; maternal influenced Sr:Ca were highest at the core and declined toward the 
outer edge (Figure 1.3d). There was also considerable variation in Sr:Ca ratios throughout the 
life history as seen in the adult spawner from the Mine Creek site (Figure 1.3e). The core of 
the otolith revealed a break-point at –170 µm from the core and the value was similar to that 
seen for the juvenile collected at the same site (Figure 1.3f).  
 Fry from the Upper Coldwater had elemental signatures that were high for both 
elements, fry from Juliet Pond had lower elemental signatures for both elements, and fry 
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from Mine Creek had intermediate signatures (Figure 1.4). Natal otolith signatures for adult 
Coho Salmon collected from the three spawning locations in the Coldwater River also 
differed in Sr:Ca and Ba:Ca ratios, but data for most adults overlapped with juveniles from 
the same location. Otolith microchemistry for juvenile Coho Salmon collected from the three 
spawning locations in the Coldwater River differed in Sr:Ca and Ba:Ca ratios and clustered 
by location. Linear discriminant analysis for Sr:Ca and Ba:Ca ratios at the outer edge of 
juvenile Coho Salmon otoliths showed strong separation and fish were assigned to spawning 
location with 100% correct classification (Table 1.1). Linear discriminant function assigned 
66.7% of adults to the natal location where they were collected, 33.3% of adults were 
assigned to a spawning location in the Coldwater River that differed from where they were 




Figure 1.2. Mean ratios for Sr:Ca and Ba:Ca for surface water samples collected from the 
Coldwater River (CR, red), Nicola River (NR, green), Spius Creek (SC, turquoise), and the 
Thompson River (TR, purple). Open squares (£) are data from Shrimpton et al. (2014), solid 
squares (¢) represent data collected in 2018. Larger symbols are the three locations where 
Coho Salmon have been observed to spawn; square (¢) is Upper Coldwater site, triangle 




























Figure 1.3. Otolith line scans of Ba:Ca and Sr:Ca, for Coho Salmon (a) Line scan of Ba:Ca 
for a juvenile from Mine Creek spawning location collected in June 2019. (b) Line scan of 
Ba:Ca for an adult collected in December 2018. (c) Line scan from the spawner in b, showing 
regions influenced by maternal and early freshwater signatures that were used to calculate the 
breakpoint in Ba:Ca ratio at –150 µm defined by the dashed line. (d) Line scan Sr:Ca for the 
juvenile shown in a. (e) Line scan of Sr:Ca for the spawner shown in b. (f) Line scan for the 
spawner region used to calculate the breakpoint in Sr:Ca at –170 µm defined by the dashed 




Figure 1.4. Otolith elemental signatures of Sr:Ca and Ba:Ca for juvenile Coho Salmon (£) 
collected at three spawning locations in the Coldwater River, British Columbia, with 95% 
confidence ellipses drawn to define otolith elemental signatures for each location, Upper 
Coldwater (top), Mine Creek (middle) and Juliet Pond (bottom). Otolith elemental signatures 
characteristic of natal redd environments were defined by breakpoint analysis (Muggeo 2003; 
2008) for adult Coho Salmon collected from three spawning locations in 2017 (●) and 2018 
(¢) and for data from Shrimpton et al. (2014; q).  
  
 21 
Table 1.1. The percentage of correct classification determined by linear discriminant analysis 
(LDA) for otolith elemental signatures from juvenile Coho Salmon collected from three 
locations in the Coldwater River, British Columbia, collection site listed vertically and LDA 
assignment shown across. Cross-validation accuracy is expressed as percent. One sample in 
the Juliet Pond set was a dead 1+ fry, all other fish were fry from capsules collected at 
artificial redds at each spawning site. 
Juvenile data Juliet Pond Mine Creek Upper 
Coldwater 
% correct 
Juliet Pond 6 0 0 100 
Mine Creek 0 7 0 100 
Upper Coldwater 0 0 6 100 
Total 6 7 6 100 
 
Table 1.2. The percentage of location assignment determined by discriminant function 
analysis (LDA) for adult otolith elemental signatures from post-spawned Coho Salmon 
carcasses collected from three locations in the Coldwater River, British Columbia, collection 
site listed vertically and LDA assignment shown across. Cross-validation accuracy is 
expressed as percent.  
Adult Data Juliet Pond Mine Creek Upper 
Coldwater 
% correct 
Juliet Pond 13 2 2 76.5 
Mine Creek 1 3 4 37.5 
Upper Coldwater 0 0 2 100 
Total 14 5 8 66.7 
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Discussion  
 Based on otolith microchemistry, all adult Coho Salmon spawners examined in the 
present study had natal signatures that strongly suggested they originated from the Coldwater 
River. Spatial differences in water chemistry within the Coldwater River watershed allowed 
for spawning site discrimination based on natal elemental signatures from otoliths of 
spawners to the reach scale – rather than at the watershed scale typical of population level 
identification. The wild Coho Salmon that did return to the Coldwater River showed not only 
a high degree of watershed fidelity, but also reach level fidelity to spawning locations. 
 The elemental gradient of water signatures in Sr:Ca and Ba:Ca in the Coldwater River 
from headwaters to the confluence with Nicola River differentiated potential spawning 
locations in the watershed. A difference in water chemistry between Juliet Pond and the 
Coldwater River main stem was anticipated, as groundwater was visibly observed upwelling 
at Juliet Pond during field work. Without the existence of the elemental gradient in the river 
this work would not have been possible. These chemical markers act as a reference point 
when investigating streams across watersheds and basins (Wells et al. 2003). Comparing 
newly collected surface water samples to those collected previously by Shrimpton et al. 
(2014) indicate chemical stability in the Coldwater River. Chemical stability in rivers has 
also been shown by other researchers (Clarke et al. 2015; Kennedy et al. 2000; Kennedy et al. 
1997; Wells et al. 2003). 
 Previous studies on otolith micro-chemistry have shown strong relationships for 
chemical ratios of Ba:Ca and of Sr:Ca between water and otoliths across multiple species; 
Coho Salmon (Shrimpton et al. 2014), Artic Grayling Thymallus arcticus (Clarke et al. 
2007a), Slimy Sculpin Cottus cognatus (Clarke et al. 2015), and Westslope Cutthroat Trout 
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O. clarkii clarkii (Wells et al. 2003). These studies, however, used otoliths collected from 
free-swimming life history stages of fish, then converted otolith elemental ratios to water 
equivalent ratios to determine location. Collection of surface water samples might not 
accurately reflect water that larval fish experienced during incubation due to differences 
between intragravel water and surface water (Malcolm et al. 2003; Malcolm et al. 2009). 
Chemical composition of river water reflects regional geology (Freeze and Cherry 1979; 
Power et al. 1999; Wells et al. 2003) and can be further divided into surface water or 
groundwater based on the proportion of ionic content (Freeze and Cherry 1979; Wells et al. 
2003). Intragravel water characteristics in the natal environment will be surface water, 
groundwater or a mix of both (Malcolm et al. 2009). Differentiating between surface water 
and groundwater has the ability to aid in further defining site locations. Intragravel areas of 
downwelling will have chemistries reflecting surface water, while areas of upwelling 
groundwater tend to differ in elemental signature. In my study, each natal site was chemically 
distinct, allowing for the development of a robust juvenile reference data set to define the 
three spawning locations. In the current study, Coho Salmon embryos and alevin were 
incubated at known spawning locations, allowing for a direct comparison between juvenile 
and adult otoliths. This approach also eliminated the need to convert otolith microchemistries 
to values characteristic of water where fish were rearing, offering a robust approach in 
assessment of homing to natal spawning sites. 
 Physical characteristics of the hyporheic zone where Coho Salmon build redds differ 
among watershed (Tuor and Shrimpton 2019), but also within watersheds (McRae et al. 
2012; Tuor and Shrimpton 2019) and I have shown significant differences among spawning 
locations in the Coldwater River (Chapter 2). Upper Coldwater and Mine Creek locations 
differed in temperature and dissolved oxygen from Juliet Pond. The upper sites were colder 
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and had much higher dissolved oxygen levels than Juliet Pond. The differences translated 
into poorer survival, but accelerated growth resulting in an earlier emergence time for Juliet 
Pond fish compared to fish incubated at the upper sites (Chapter 2). My findings demonstrate 
trade-offs in performance based on redd sites used by Coho Salmon within a watershed at the 
reach scale. The ability to stray between these sites that differ in environmental features 
shows plasticity within Coho Salmon in the type of incubation habitat that is used. 
Maximizing use of all available spawning habitat, despite differences in environmental 
variables, may be important for population viability. Shrimpton and Heath (2003) 
demonstrated that available spawning habitat is positively correlated with effective 
population size; therefore, more area available for spawning will enhance population 
resilience. Homing back to natal spawning locations uses habitat that were successful for 
incubation, thus increasing the potential for survival (Sandercock 1991). Stochastic events, 
however, may change suitability of habitat after redds have been constructed and eggs 
deposited leading to poor survival (Chapter 2). Straying may be important for gains in 
metapopulation robustness – particularly for species such as salmon that live in dynamic 
landscapes subject to both natural and anthropogenic disturbances (Yeakel et al. 2018). 
Additionally, precise homing may lead to reproductive isolation (Dittman and Quinn 1996), 
limiting gene flow between populations leading to genetic instability (Walter et al. 2009). 
 Coho Salmon showed high fidelity at a macroscale to the Coldwater River watershed, 
an expected result as multiple authors have shown a high degree of fidelity in Coho Salmon 
(Quinn 2018; Sandercock 1991; Westley et al. 2013). At a microscale, straying was apparent 
at the reach level, 33% strayed to non-natal sites, while 67% of Coho Salmon homed back to 
natal locations. Factors leading to the movement of fish to spawning grounds are not yet fully 
understood, but environmental conditions during the migration period may influence rate of 
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homing and straying (Quinn 2018; Westley et al. 2013). The final spawning location may be 
influenced by local-scale habitat factors that are advantageous to reproductive success 
(Hamann and Kennedy 2012). Further, Coho Salmon movement may be a form of behavioral 
plasticity in response to new or complex habitats (Liermann et al. 2017). A simple 
explanation of movement could be that straying is done by choice (Anderson and Quinn 
2007). Four individuals strayed to the Upper Coldwater from Mine Creek as indicated by 
natal signatures. I showed a high level of homing to Juliet Pond, but fish with natal signatures 
from Juliet Pond were collected at Mine Creek (2) and Upper Coldwater (2). Only one 
spawner from Mine Creek was found to stray to Juliet Pond. The greatest number of 
spawners in the Coldwater River watershed were observed at Juliet Pond. The water source 
of Juliet Pond could be attractive to returning adults based on physical characteristics such as 
the warmer water temperature compared to the mainstem river water. Based on visual 
observations Juliet Pond may also have a higher density of juvenile Coho Salmon relative to 
the Coldwater River. Pheromones from juveniles may lead to preferential selection of Juliet 
Pond. Quinn et al. (1983) demonstrated that adult Coho Salmon preferred water conditions 
with pheromones of juvenile conspecifics – leading to the higher density of adult spawners 
observed and greater degree of homing to this spawning location. Water level and changes to 
physical habitat conditions in the Coldwater River may lead to movement between years. 
Obstructions such as beaver dams or enumeration fences could also impact fish behaviour 
and migration (McRae 2009). In the fall of 2019 water level and beaver dams precluded 
Coho Salmon from entering Juliet Pond impacting ability to spawn there, forcing Coho 
Salmon to spawn in other locations (personal observation). 
 Producing otolith reference data is labour intensive, as is locating wild adult Coho 
Salmon carcasses on spawning grounds. Sample size of my study may limit full insights into 
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homing and straying at small scales. A larger sample size with additional sample years could 
help to further define straying in the Coldwater River at the reach scale. My study, however, 
is important as it furthers work by others on homing and straying at a fine scale by utilizing 
juvenile otoliths as a novel reference approach, increasing our understanding of processes 
involved in habitat use for spawning (Quinn 2018; Wells et al. 2003). Straying within a 
watershed allows spawners to use a range of spawning habitats, while still allowing gene 
flow to occur among sites. Additionally, wild salmon were used in my study, while most 
homing and straying studies have used hatchery fish (Westley et al. 2013) – helping to fill a 
valuable gap in our knowledge of factors influencing straying in wild salmon (Quinn 2018). 
Perhaps, most importantly my results show that salmon are repeatedly using specific 
spawning locations and these sites should be protected. 
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Redd site characteristics and early life history in Coho Salmon 
(Oncorhynchus kisutch) from a high-altitude interior watershed 
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Abstract 
Characteristics of the hyporheic zone for redds where Coho Salmon (Oncorhynchus kisutch) 
spawn in the Coldwater River, British Columbia, were examined over two years. Within 
each reach there was little difference in physical variables, but considerable differences 
existed among study sites where Coho Salmon were observed to spawn – particularly for 
intragravel temperature and dissolved oxygen. The difference in temperature and dissolved 
oxygen among sites had a pronounced effect on rate of development and emergence time for 
Coho Salmon fry. Sites with warmer temperatures (5.41 °C; SD = 0.16 °C) had low levels of 
dissolved oxygen (5.43 mg · L–1; SD = 0.12 mg · L–1); survival of larval fish was poor 
(10%; SD = 28%), but emergence in the spring was early, end of April. Sites with cold 
temperatures (1.97 °C; SD = 2.59 °C) had high levels of dissolved oxygen (11.49 mg · L–1; 
SD = 0.72 mg · L–1); larval fish survival was high (67%; SD = 22%) and fish reached button 
up with less accumulated thermal units than warm sites, however time of emergence was 
much later and not until early summer, beginning of July, a difference of 70 days. The 
observed range of emergence contradict the popular paradigm that spawning date and 
incubation length are optimized for time of fry emergence. Further, heterogeneity among 





 The hyporheic zone is the area of saturated interstitial pore space beneath a stream 
bed that extends into the channel bank, where surface water and phreatic water 
(groundwater) mix (White 1993). Characterizing the hyporheic zone is challenging, due to 
the dynamic nature of the stream environment and because it is heterogeneous at relatively 
small scales (Baxter and Hauer 2000; Youngson et al. 2005). Physical properties of water in 
the hyporheic zone will affect embryo and larval salmon developing in redds. The redd 
environment can be a mix of overlying surface water and underlying groundwater directly 
influencing temperature and dissolved oxygen (DO) – two variables that are important for 
growth and development (Power et al. 1999). Consequently, locations where mature salmon 
spawn in the fall have the potential to affect success of their offspring through the winter 
months. Despite considerable research, there continues to be uncertainties in factors and the 
processes that influence the incubation environment and there are large differences between 
laboratory and field studies (Malcolm et al. 2008). Further there are many lab studies on DO, 
but few field studies (Peterson and Quinn 1996). Consequently, little is known about the 
environmental conditions experienced by embryos and alevin in natural redds. 
 The highest rates of mortality in salmonids generally occur during incubation (Quinn 
2018). Under harsh conditions, no egg survival may occur, while at moderate conditions 
survival of eggs and alevin may be 15 to 27%, and for favorable conditions survival may be 
65 to 85% (Sandercock 1991). Survival of salmon eggs and alevin during incubation is 
greatest for a narrow range of cool water temperatures (Quinn 2005). The influence of 
groundwater on the hyporheic zone, therefore, is very important as temperature of 
groundwater varies little over the year. Groundwater temperature is generally equal to the 
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mean annual air temperature (Power et al. 1999), thus having a regulating effect on the 
hyporheic environment and embryonic growth. Salmon may seek these areas of groundwater 
influence for thermal refugia within the redd to regulate temperatures over the incubation 
period (McRae et al. 2012; Power et al. 1999; Quinn 2005). Residence time of water in the 
ground will inversely affect DO level in the groundwater (Youngson et al. 2005). 
Consequently, groundwater upwelling to the hyporheic zone will have limited oxygen 
available to fish before mixing with surface water (Sear et al. 2014). Water quality varies 
within the hyporheic zone and generally DO concentrations decrease with gravel depth as 
the influence of phreatic water increases (Malcolm et al. 2004). Intragravel measurements of 
DO have been shown to be positively correlated with spawning microhabitat selection in 
spawning salmon (McRae et al. 2012). Dissolved oxygen in redds, however, can be highly 
variable over time (Sear et al. 2014), depending on the ratio of surface water to groundwater 
mixing as river flow varies seasonally (Youngson et al. 2005). During the winter months, the 
majority of river water flow is made up of groundwater or baseflow (Power et al. 1999).  
Coho Salmon (Oncorhynchus kisutch) are the most wide spread of the five Pacific 
salmon species, occurring in approximately 970 rivers - typically spawning in small 
headwater streams (Sandercock 1991). One population, the Interior Fraser Coho (IFC) 
Salmon occur above Hell’s Gate, which are genetically distinct from coastal populations and 
thought to be descendants from the Upper Columbia River (FOC 2002). Due to declining 
runs IFC Salmon were listed as endangered in 2002 (FOC 2005). Coho Salmon spawn in 
late fall or early winter, and some populations of IFC Salmon experience very low water 
temperatures during spawning and larval incubation (Quinn 2018; Sandercock 1991; Tuor 
and Shrimpton 2019).  
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Due to the lack of understanding of the incubation environment for IFC Salmon 
embryos and alevin, I examined the physical characteristics of the hyporheic redd 
environment in locations in the Coldwater River, British Columbia, Canada. Dissolved 
oxygen, surface water temperature, intragravel water temperature, electrical conductivity 
(EC), and specific discharge were examined over two years at four locations in the 
watershed. To assess the effect of location on offspring performance, capsules with fertilized 
eggs were placed at each location to assess the effect of intragravel characteristics on 
survival and growth.  
Methods 
Study location  
 The Coldwater River is a high elevation interior snow dominated system, where low 
flows occur in late summer, fall, and winter (Hatfield 2006). The Coldwater River flows into 
the Nicola River at the town of Merritt (Figure 2.1). Study sites were selected based on 
knowledge of historic spawning locations, suitable habitat and substrate size, and ease of 
access. The upper river sites had Coho Salmon holding in the vicinity of the selected sites, 
usually in a pool immediately upstream. Presence of Coho Salmon was taken as an 
indication of spawning activity in the area. The lower sites were selected based on the 
substrate size, but also in areas where ice and river flow would have less influence such as 
back eddies, behind boulders, or in areas not in the direct line of river thalweg as ice 




Figure 2.1. Overview of Lower Nicola River and Coldwater River, stars represent Spius 
Creek Salmon Enhancement Facility (Spius Creek hatchery), the city of Merritt, and four 
Coho Salmon spawning locations examined in the present study; Upper Coldwater 
(49°38'48.22"N, 121° 1'47.51"W), Mine Creek (49°40'53.78"N, 121° 0'42.36"W), Juliet 
Pond (49°45'34.43"N, 121° 0'25.84"W) and Brookmere (49°52'23.71"N, 120°54'43.52"W). 




 Dissolved oxygen data loggers (U26-001, Onset, Bourne MA) were buried in an 
artificial redd at 30 cm at four locations in the Coldwater River (Figure 2.1); each DO logger 
also measured temperature. Temperature data loggers (U22-001, Onset) were also buried at 
paired redd sites for each location. Estimates of river discharge and surface water 
temperatures were measured at each location with pressure data loggers (U20L-04, Onset) 
placed on the gravel surface at each location. The pressure sensors were cabled to the bank 
to record water levels during the study period and between years. Air temperature and 
pressure was measured with two additional pressure loggers positioned at an upper site 
(Mine Creek) and a lower site (Brookmere). Air pressure data was used to compensate for 
barometric changes to estimate water level measurements. Data loggers were set to record 
measurements hourly.  
Intergravel measurements 
 Mini piezometers were installed at two locations for each study site in early 
December 2017 (Year 1) and mid-November 2018 (Year 2). For each location, one 
piezometer was installed at a depth of 30 cm and a second piezometer at a depth of 60 cm. 
Installation of mini piezometers used an apparatus with an outer sleeve measuring 87 cm x 
2.8 cm made of galvanized steel tubing, encasing a cold rolled steel inner rod with a pointed 
tip measuring 90.5 cm x 2 cm with a large nut welded to the end. The apparatus was 
pounded into the river gravel to a depth of 30 cm or 60 cm in close proximity to the artificial 
redds; typically, within a meter of the egg capsules to capture representative hyporheic 
water. Once the desired depth was reached the inner rod was removed allowing for the 
piezometer to be inserted. Each mini-piezometer was made from a 0.6 cm (inner diameter) 
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by 1-meter section of polyvinylchloride tubing (PVC), with a 15 cm section of polyethylene 
tubing perforated with 26 holes (hole size 2.38 mm) affixed to the end, covered with Nitek® 
245 mm mesh, measuring 14 cm by 10 cm wrapped around the bottom to prevent fine silt 
from filling the bottom of the mini-piezometer. The building of the piezometers was adapted 
from Lee and Cherry (1978), Baxter et al. (2003) and McRae et al. (2012). 
 After each piezometer was installed to the desired depth, a 60 ml syringe with a 
barred brass fitting affixed to the end was attached to the PVC tubing. The tubing was 
purged until water drawn from the piezometer was moderately clear; this was generally 
between eight and 15 syringe volumes. After the hyporheic water was purged, measurements 
were taken for vertical hydraulic gradient (VHG) with a manometer. A falling head test 
(slug test), adapted from Baxter et al. (2003) and McRae et al. (2012), determined the time 
for water level in the tube to reach equilibrium after being filled from water surface level to 
top of tube (h). The falling head test was replicated three times, averaged, then used to 
calculate interstitial flow (Kh). Tests for VHG and falling head were repeated on each 
subsequent site visit. Vertical hydraulic gradient was calculated with the following equation; 
    =  ∆ℎ/∆  
Where, Dh = the difference between the surface water and the water level in the piezometer, 
Dl = the distance from the first perforated opening to the stream bed.  











Where, d = inner diameter of tubing, t = time to reach equilibrium, h0 = the height of water 
at start, h = the height of water at equilibrium. The specific discharge (cm•s-1) could then be 
calculated at each piezometer using the following formula: 
  =    ∗     
The total number of piezometers installed in Year 1 and Year 2 was 12 and 16, respectively. 
 Water quality parameters were collected with a YSI® hand held multi parameter 
probe measuring, dissolved oxygen, temperature, electrical conductivity; at surface, and for 
water samples from each piezometer at 30 and 60 cm depth.  
Preparation of eggs and egg capsules  
In Year 1, three male and three female Coho Salmon were spawned at the Spius 
Creek Salmon Enhancement Facility, Fisheries and Oceans Canada, creating three families. 
Each egg capsule was filled with 45 eggs from each family – estimated by weight. Coloured 
wires attached to egg capsules were used to distinguish between families. Once egg capsules 
were filled they were placed into hatchery incubation trays and treated with Ovadine® 
solution for 15 min, after which they were rinsed with fresh water. Nine egg capsules, three 
from each family, attached to a section of rebar at each site were buried at approximately 30 
cm gravel depth. Egg capsules were removed and checked for development and survival at 
three time periods throughout incubation (nine egg capsules per redd, three from each 
family). A total of 102 egg capsules were positioned in Year 1 (November 18, 2017, 
fertilized on November 17, 2017) in the river at twelve artificial redd sites, containing 
approximately 4600 eggs. Creation of experimental families was repeated in Year 2 with 
three males and three females at the Spius Creek hatchery following the procedure from 
Year 1. A total of 72 egg capsules were deployed at eight artificial red sites on November 
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15, 2018 – two replicates per site – with 35 eggs per capsule for a total of approximately 
2520 eggs.  
 Precipitation the week of November 23, 2017 (Year 1) resulted in a high flow event. 
During this week river flows peaked at approximately 128 m3 · s–1 measured at the Water 
Survey of Canada station at Brookmere (Figure 2.1). The week prior had river flows of 
approximately 2 m3 · s–1 when loggers and eggs were deployed. The high flow event 
impacted several sites; scouring occurred at some sites, while other sites had gravel 
deposition of 20 to 30 cm. The initial 12 sites for Year 1 were reduced to three, with only 
sites at Upper Coldwater, Mine Creek, and Brookmere remaining viable. To supplement the 
three sites, Juliet pond, an off-channel site was added where Coho Salmon historically were 
observed to spawn (N. Jantz, Fisheries and Oceans Canada, personal communication) and 
were observed to spawn in both Year 1 and Year 2. No egg capsules were deployed at Juliet 
Pond in Year 1. However, dissolved oxygen, temperature and pressure loggers were 
deployed. In Year 2, egg capsules were deployed at four sites, Upper Coldwater, Mine 
Creek, Juliet Pond, and Brookmere, with two replicates at each site. During visits, in late 
winter and summer, egg capsules were checked and removed. Embryos or alevin were 
measured for survival, length, and weight.  
Data analysis  
 Dissolved oxygen and pressure loggers were calibrated prior to logger deployment, 
according to HOBO instructions. Post processing of logger data with HOBOware® (Version 
3.7.15) used measured barometric pressure to adjust water pressure data into water level 
data. Plotting and statistical analysis used R version 3.6.2 (R Core Team, 2019). A one-way 
Analysis of Variance (ANOVA) was used to test for differences in electrical conductivity 
 37
among sites. A Tukey’s HSD (honestly significant difference) post hoc test was conducted 
to determine which sites differed. Data collected at site replicates for specific discharge and 
electrical conductivity where averaged prior to graphical representation.  
 Accumulated thermal units (ATU) were calculated by averaging daily temperature at 
each site, then added cumulatively resulting in ATU for the duration the embryos and alevin 
were in the gravel. Calculated ATU at each site and fish length measurements were used to 
compare growth and development among redd locations. As the DO logger for Juliet pond in 
Year 1 was placed on December 14, after the deployment of the other loggers and after the 
high flow event, 126 ATU was added to make this data comparable to Year 2 data based on 
the difference in number of days and stable daily average temperature of 5.2 °C. The ATU at 
Mine Creek during late fall and winter of Year 2 was calculated from a DO-temperature 
logger nested with egg capsules until June 9, 2019 at which time the logger stopped due to 
DO sensor cap expiry. ATU following this date was calculated from the surface water 
temperature logger located in the deep pool immediately up stream. A comparison of ATU 
on June 9 found, a difference of 3 ATU between gravel and surface water (387 in gravel vs. 
390 in surface water). Mine Creek was downwelling as noted in VHG measurements, as the 
logger was in the bottom of a deep shaded pool immediately up stream, it was felt that the 
surface water data would be comparable in temperature at this sight to calculate ATU for the 
remaining incubation time until egg capsule collection on July 3. Larval fish were collected 
and measured at the end of each season’s incubation period allowing length to be correlated 
to the ATU at each study site. 
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Results 
Physical Characteristics  
Dissolved Oxygen 
 Large differences were measured in DO levels among sites, but differences were 
consistent between years (Figure 2.2). Upper Coldwater (Figure 2.2a, 2.2b) and Mine Creek 
(Figure 2.2c, 2.2d) had high levels of DO; in both years greater than 10.5 mg · L–1. In 
contrast, Juliet Pond (Figure 2.2e, 2.2f) had stable, but low DO in both years with levels 
below 5.5 mg · L–1. Brookmere (Figure 2.2g, 2.2h) initially had high levels of DO (12 to14 
mg · L–1), however as winter progressed DO levels dropped below 4.0 mg · L–1.  
Water Temperature 
 Intragravel temperature differed considerably among sites, but showed little variation 
within each site between the two years (Figure 2.2). Upper Coldwater (Figure 2.2a, 2.2b) 
and Mine Creek (Figure 2.2c, 2.2d) sites were considerably colder than locations lower in 
the watershed. The difference between surface water temperature at Upper Coldwater and 
Mine Creek were minimal. Juliet Pond was the warmest site and showed little difference 
between surface water and intragravel temperature, however it is off-channel habitat with no 
river influence or mixing (Figure 2.2e, 2.2f). The Brookmere site temperatures were more 
variable over the year and also showed large differences between gravel surface temperature 
and intragravel temperature (Figure 2.2g, 2.2h).  
Water level 
 Water levels in Year 1 were higher than Year 2, particularly in late November due to 
more precipitation (Figure 2.2). Upper Coldwater (Figure 2.2 a, 2.2b) and Mine Creek 
(Figure 2.2c, 2.2d) showed high water level each fall, followed by a downward trend during 
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winter months, until April in both Year 1 and Year 2, after which water level increased 
during spring freshet. Juliet pond (Figure 2.2e, 2.2f) showed little difference in water 
elevation in both years due to the off-channel location, however there was a slight increase 
in water level at the onset of freshet. The Brookmere site (Figure 2.2g, 2.2h) showed similar 
water levels between Year 1 and Year 2, except for the high discharge recorded in late fall of 
Year 1. 
Air Temperature 
 Air temperature at Mine Creek and Brookmere were similar for both years of the 
study (Figure 2.3). The Coldwater River watershed regularly experienced air temperatures 
below -15 °C during winter months, illustrating the climatic driver for this interior 
watershed. Despite the cold air temperatures, the Juliet Pond site remained un-frozen during 
the winter months, while Upper Coldwater, Mine Creek, and Brookmere sites were ice 
covered.  
Specific discharge  
 Specific discharge was consistent within sites between years (Figure 2.4). Upper 
Coldwater had high specific discharge at 30 and 60 cm, but with large variation. The high 
values at Upper Coldwater were related to a highly mobile, loose and unconsolidated gravel, 
with little cobble present. Some of the lowest values of specific discharge were measured at 
Mine Creek. Values were negative indicating an area of localized downwelling in a substrate 
mixture of gravel, sand, and cobbles immediately downstream of a large pool. Juliet Pond 
and Brookmere had little variation and were positive, indicating water upwelling. Juliet 
Pond showed a large influence of groundwater upwelling that was clearly visible. 
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Electrical conductivity 
 The range of EC among redd locations was higher in Year 1 than Year 2 (Figure 
2.5). This was due to higher intragravel EC values at Juliet Pond and Brookmere in Year 1 
than Year 2. A one-way ANOVA found significant differences in EC among sites and 
Tukey’s HSD post hoc test revealed a number of differences among sites (Table 2.1). 
Intragravel EC differed between the upper sites and the lower sites for most depths over both 
years. There was little difference in EC between surface water and intragravel water for the 
upper sites and Juliet Pond, but surface water differed from intragravel water at Brookmere. 
Surface water infiltration of the hyporheic zone resulted in the lack of difference for the 
upper sites. Juliet Pond had visible water upwelling, and consistently showed high EC 
values at surface, 30, and 60 cm depth relative to river water. Values at Brookmere at 30 cm 
and 60 cm depth exhibited groundwater influence on the redd environment due to high EC, 
with little mixing of river water.  
Accumulated Thermal Units  
 The accumulated thermal units (ATU) differed among sites, but were generally 
similar for each location for the two years (Figure 2.6). Accumulated thermal units showed 
little increase until April in Year 1 and Year 2 at the Upper Coldwater (Figure 2.6a) and 
Mine Creek (Figure 2.6b) sites. Juliet Pond showed a consistent linear increase in ATU for 
both years, reflective of the stable water temperatures (Figure 2.6c). Brookmere showed a 
linear increase in ATU in both years (Figure 2.6e), but at a lower slope compared to Juliet 




Survival was poor in Year 1 compared to Year 2 (Table 2.2). In Year 1, alevin in 
Upper Coldwater and Mine creek were 228 days post fertilization (dpf) at time of collection 
on July 2, compared to 231 dpf on July 3 in Year 2. Survival to time of egg capsule 
collection in Year 1 at Upper Coldwater was 9% ± 8%, while at Mine Creek survival was 
8% ± 7%. In Year 2 survival to time of capsule collection at Upper Coldwater was 67% ± 
22% and 66% ± 40% at Mine Creek. Survival at Brookmere on April 13 in Year 1 was 3% ± 
5%, in Year 2 Brookmere had no survival at time of egg capsule collection on April 25. 
Survival at Juliet Pond on April 24 in Year 2 was 10% ± 28%.  
Development 
 Development differed between years and among sites (Table 2.2). In Year 1 during 
the mid-April field visit, eyed eggs were observed at Upper Coldwater and Mine Creek, 
while newly hatched alevin were observed at Brookmere. During egg capsule retrieval in 
early July (Year 1), alevin were observed with yolk sac visible at Upper Coldwater. Mine 
Creek had a range of development with some individuals with visible yolk, and others at, or 
just prior to button up with little to no visible yolk. In mid-March of Year 2, newly eyed 
eggs were observed at Upper Coldwater and Mine Creek, while alevin were observed at 
Juliet Pond on the same date. A number of buried egg capsules were exposed, likely from 
redd super-imposition by wild Coho Salmon at this site, with all eggs dead in exposed 
capsules. This observation was not surprising because adult Coho Salmon were observed 
building redds in Juliet Pond during egg capsule and logger placement the previous fall. 
Adult Coho Salmon at this time was estimated to be greater than 100 individuals.  
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 Eyed eggs were found in March (Year 2) at Brookmere. In late-April (Year 2), eyed 
eggs were observed at Upper Coldwater and Mine Creek sites. Sampling at Juliet Pond in 
April found newly emergent fry, both in the capsules and wild fry observed swimming in the 
pond. Evidence of hatched alevin in April was observed at Brookmere, but all alevin were 
dead at time of sampling. Final collection of egg capsules at Upper Coldwater on July 3 
(Year 2), found alevin close to button up, just prior or just passed, some individuals showing 
yolk while others had completed button up. At Mine Creek on July 3 (Year 2), individuals 
were well past button up with no yolk present.  
 The final collections of egg capsules from the upper sites indicated that fish were 
more developed in Year 2 than Year 1; with less yolk visible at Upper Coldwater and lean 
fry at Mine Creek. These visual observations in development differences between years are 
supported by the ATU at each site and sampling interval in Table 2.2. In Year 1, Upper 
Coldwater had 409 ATU on July 2, while Mine Creek had 523 ATU, compared to 503 on 
July 3 at Upper Coldwater in Year 2 and 630 at Mine Creek.  
Length 
 A difference in length as a function of ATU was found between Year 1 and Year 2 
and among sites (Figure 2.7). Data presented in Figure 2.7 are from the final collection 
period, with the exception of Juliet Pond (black triangles) which represent two time periods 
in Year 2. Similar environmental conditions were observed at each site between years 
allowing for comparisons of length. Field sites with well oxygenated cold conditions 
produced longer larval fish with less ATU compared to lab fish. Warm field sites with low 
oxygen, while still colder than lab conditions produced larval fish that were shorter for a 

























































































































































Figure 2.2. Daily mean surface water temperature °C (SW), intragravel temperature °C 
(GW), dissolved oxygen (DO) mg · L–1, and water level (WL) meters for the Upper 
Coldwater site in Year 1 (a) and Year 2 (b), the Mine Creek site in Year 1 (c) and Year 2 (d), 




Figure 2.3. Mean daily air temperature in Year 1 and Year 2 between upper and lower 
Coldwater study sites for Mine Creek in Year 1 (a) and Year 2 (b), and Brookmere in Year 1 
(c) and Year 2 (d). Solid line is the daily mean temperature and daily maximum and 






















































Figure 2.4. Specific discharge at 30 cm depth for measurements collected in (a) Year 1 and 
(b) Year 2, and at 60 cm depth for measurements collected in (c) Year 1 and (d) Year 2. 
Measurements were collected at Upper Coldwater (UC), Mine Creek (MC), Juliet Pond (JP), 
and Brookmere (B) sites as shown in Figure 2.1. When present, site replicates were averaged 





































































Figure 2.5. Electrical conductivity (EC) in Year 1 (a) and Year 2 (b) for the four study sites; 
Upper Coldwater (UC), Mine Creek (MC), Juliet Pond (JP), and Brookmere (B) as shown in 
Figure 2.1, when present site replicates were averaged for data clarity. Solid line represents 











































































































Table 2.1. Summary statistics for differences in electrical conductivity among study 
locations based on Tukey’s HSD post hoc test for surface water (SW), intragravel water at 




































































Table 2.2. Survival in Year 1 and Year 2, between sites, family, site total, and accumulated 
thermal units (ATU). Observed life stage at time of collection stated in brackets for each 
site. Site survival total represents percent survival of embryos alive at time of collection with 
standard deviation. * indicates additional ATU from surface water logger was added to data 
set.  
 
Family   
 1 2 3 Site Total ATU 
 
 Year 1 (April 12-13)  
Upper Coldwater (eyed egg) 2% 9% 19% 10% ± 13% 80 
Mine Creek (eyed egg) 6% 3% 47% 19% ± 25% 130 
Brookmere (alevin) 0% 0% 9% 3% ± 5% 518 
 
 Year 1 (July 2)  
Upper Coldwater (alevin) 0% 16% 10% 9% ± 8% 409 
Mine Creek (alevin) 5% 3% 16% 8% ± 4% 523 
 
 Year 2 (March 13-14)  
Upper Coldwater (eyed egg) 90% 99% 78% 90% ± 12% 40 
Mine Creek (eyed egg) 72% 90% 73% 79% ± 10% 55 
Juliet Pond (eggs, alevin) 2% 62% 2% 23% ± 38% 638 
Brookmere (eyed eggs) 12% 19% 0% 10% ± 16% 457 
 
 Year 2 (April 24-25)  
Upper Coldwater (eyed egg) 94% 97% 85% 92% ± 7% 91 
Mine Creek (eyed egg) 54% 98% 44% 65% ± 29% 149 
Juliet Pond (fry) 18% 1% 9% 10% ± 28% 861 
Brookmere (alevin) 0% 0% 0% 0% ± 0% 631 
 
 Year 2 (July 3)  
Upper Coldwater (alevin) 83% 62% 56% 67% ± 22% 503 




Figure 2.6. Accumulated thermal units (ATU) Year 1 and Year 2. (a) Upper Coldwater, and 
(b) Mine Creek show divergence in ATU in late May between years, in Year 2 surface water 
data was used to calculate ATU passed June 9. (c) Juliet Pond data remained consistent due 
to stable water temperature resulting from groundwater upwelling, (d) Brookmere showed 




















































Figure 2.7. Length of juvenile Coho Salmon collected from egg capsules at four locations in 
the Coldwater River watershed (Figure 2.1) plotted as a function of accumulated thermal 
units for Year 1 and Year 2. Data are from the final collection period for each site in each 
year, except for Juliet Pond (triangles) showing two time periods - alevin and fry at 
collection. Shapes of the same color stacked vertically represent replicates and individual 
families showing a range of lengths in response to ATU at collection time. Data from a 
laboratory experiment (Lab) using eggs from the same families in Year 2 (Chapter 3) are 
plotted for comparison. Lab fish were held at 8.0 ºC with DO held at approximately 10.5 mg 



























 Considerable variability in physical characteristics existed among sites where Coho 
Salmon spawn in the Coldwater River. Sites showed differences in physical characteristics 
which translated to differences in survival and rate of development. Upper Coldwater and 
Mine Creek study sites were cold and well oxygenated with good survival. The cold 
temperature resulted in slow growth and emergence late in the year. Juliet Pond and 
Brookmere study sites were warmer than the upper sites, but with low dissolved oxygen and 
poor survival. The warm temperature resulted in fast growth and early emergence in spring. 
The biological results, therefore, were linked to the characteristics of the hyporheic 
environment.  
 Specific discharge measurements showed little pattern among sites. Sites with the 
highest survival had both the highest (Upper Coldwater) and lowest (Mine Creek) specific 
discharge. The range of specific discharge values observed during this study are comparable 
to Baxter et al. (2003) 2.32 x 10-6 cm · s-1 to 4.72 x 10-2 cm · s-1 and McRae (2009) -1.0 cm · 
s-1 to 3.0 cm · s-1. Intragravel flow is important for developing eggs as it brings oxygenated 
water to eggs and removes metabolic wastes (Greig et al. 2007). The type of water occurring 
in the interstitial environment, however, could be of equal or more importance. Two 
different kinds of upwelling in the hyporheic zone occur which adds complexity to 
understanding the effects of specific discharge; upwelling of groundwater or interstitial 
upwelling. Groundwater upwelling will have water characteristics defined by the underlying 
bedrock material, while interstitial upwelling will have characteristics similar to river water 
(Baxter and Hauer 2000). Upper Coldwater and Mine Creek had little groundwater influence 
indicated by the small difference between surface water and intragravel water temperatures 
 52
and the high intragravel DO. Juliet Pond and Brookmere had considerable groundwater 
influence characterized by warm and stable intragravel temperatures relative to river surface 
water and low levels of dissolved oxygen (Freeze and Cherry 1979; Power et al. 1999). 
Prolonged contact with bedrock materials dissolve minerals resulting in higher EC in 
groundwater than surface water (Freeze and Cherry 1979), which likely explains the higher 
EC values for intragravel water at Brookmere and Juliet Pond compared to measurements of 
surface water from the mainstem of the Coldwater River. Upper Coldwater and Mine Creek 
had low EC, further indicating interstitial water was of surface water origin that had 
infiltrated the gravel.  
 Reduced winter surface water flows have the potential to limit the dilution of 
groundwater, resulting in high levels of EC and low levels of DO persisting in the redd over 
the winter period. Cardenas et al. (2016) found that the rate of groundwater upwelling may 
limit the flushing ability of interstitial flow from surface water infiltration. This lack of 
velocity in the interstitial environment may lead to increased mortality, particularly if DO 
levels are below 5 mg · L–1 (Sowden and Power 1985). The low DO and minimal surface 
water influence could, therefore, be a major factor in the high mortality observed at the 
Brookmere site. Accumulation of fine sediments will also affect interstitial velocities, 
thereby limiting oxygen availability (Greig et al. 2005; Warren et al. 2015). Specific 
discharge is site specific and could be selected for based on local climatic conditions and 
salmon species. Lorenz and Filer (1989) found that in the Taku river, north west British 
Columbia, 60% of Sockeye Salmon (O. nerka) redds had groundwater influence. In contrast, 
Geist (1999) showed that fall Chinook predominantly spawned at locations of hyporheic 
interstitial water upwelling that was predominantly of Columbia River water origin.  
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 Understanding the influence of groundwater in salmon redds is important due to the 
effect on growth and development caused by warmer temperatures and low DO levels. At 
low temperatures, metabolic rate is lower in poikilotherms and more energy can be used for 
growth, thus producing longer and potentially heavier fish at button-up (Beacham and 
Murray 1988; Murray and Beacham 1986; Tuor 2016; Whitney et al. 2014). Longer fish 
were observed at the colder sites of Mine Creek and Upper Coldwater. Coho Salmon fry 
sampled from egg capsules collected from Juliet Pond were shorter than fry from the same 
families reared in a laboratory experiment (Chapter 3), even though cooler temperatures 
existed at Juliet Pond. Low levels of DO have also previously been shown to delay larval 
development and lower survival (Alderdice et al. 1958; Del Rio et al. 2019; Garside 1966; 
Miller et al. 2008; Roussel 2007). Bloomer et al. (2016) further suggests that post hatch 
survival of embryos exposed to low DO make poor competitors and have increased rates of 
predation. Roussel (2007) found that Brown Trout (Salmo trutta) incubated at low DO levels 
experience slow growth and increased predation and suggested that low DO will decrease 
animal fitness.  
 Time of emergence will be determined by the temperatures that embryos experience 
throughout incubation, with warmer temperatures increasing development rate (Brannon 
1987; Murray et al. 1988; Quinn 2018; Sandercock 1991). Murray and Beacham (1986) 
found that time to 50% emergence (button up) was less at low temperatures in Pink Salmon 
(O. gorbuscha); 392 ATU at 1.4 °C vs. 687 ATU at 7.9 °C. Tuor (2016) in a study on Coho 
Salmon, found that incubation of embryos and alevin at 0.5 °C lead to button up at 600 
ATU, while 700 ATU was required to reach button up at 4.5 °C. These results support 
findings in the current study (Figure 2.7) that showed embryos took less ATU to reach 
button up at colder sites and were longer compared to those from warmer sites.  
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In my study, larval development and emergence were variable between years and 
among sites. In late-April (Year 2), wild and capsuled fry were observed in Juliet Pond. 
When egg capsules were collected on July 3 (Year 2), fry at Mine Creek were completely 
buttoned-up and looked lean. Based on this observation, the expected emergence time would 
be the last week in June at Mine Creek. On the same date, the Upper Coldwater site had 
alevin at, or just prior to button up, with some individual still having visible yolk; expected 
emergence time at Upper Coldwater would be within a few days to a week. Mainstem river 
water temperatures in Year 2 were warmer in late spring than in Year 1 (Figure 2.6), 
resulting in increased ATU in Year 2 during incubation (Table 2.2). Probable emergence 
time in Year 2 would be one to two weeks earlier than in Year 1 in the Upper Coldwater 
river. Expected yearly emergence time in the Upper Coldwater river mainstem study sites, 
therefore, could range from the last week of June to mid-July depending on winter duration 
and river water temperature. In contrast, emergence time at Juliet Pond would be consistent 
year over year due to stable water temperatures demonstrating emergence time eight weeks 
earlier than at main stem sites.  
 Survival to emergence was also highly variable between years and among sites. Total 
survival in Year 1 consisting of Upper Coldwater and Mine Creek was just 8% ± 7%, while 
in Year 2 total survival at Upper Coldwater and Mine Creek was 67% ± 22%. Brookmere 
did have live alevin present in Year 1, but survival at this site was poor (3% ± 5%), with 
complete mortality observed in Year 2. Poor survival at this site could be limited due to low 
DO measurements, strong groundwater presence could constrain the ability of surface water 
to flush intragravel spaces as shown by Cardenas et al. (2016). Survival at Juliet Pond was 
low and variable in Year 2 (10% ± 28%). However, survival at Juliet Pond was greater than 
combined survival at all other sites in Year 1. Although survival was low at Juliet Pond, the 
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off-channel nature of the site would protect against high flows and bed movement, buffering 
against stochastic weather events. 
Brannon (1987) proposed that emergence time can have a major selective effect on 
salmon stocks such that time of spawning would be selected to maximize success for the 
offspring, where emergence timing would be optimal for success of the newly emerged fish. 
Early emerging fry have a better chance to colonize suitable habitat and set up territories 
(Baxter and Hauer 2000; Pennell and Barton 1996; Sandercock 1991). Moreover, fry that 
emerge later could be displaced by fry already occupying optimal rearing habitat. Curry and 
Noakes (1995) in a study on Brook Trout (Salvelinus fontinalis) suggested that time of 
emergence may be more critical than egg-alevin survival for determining overall 
reproductive success. Early emergence could provide an enhanced growth advantage leading 
to greater over wintering success, compared to late emergence where there would be less 
opportunity for growth before winter (Curry and Noakes 1995).  
Coho Salmon, however, spawn late in the fall and over a relatively short period of 
time throughout their geographic distribution. Consequently, the time of emergence varies 
tremendously across their range (Tuor and Shrimpton 2019). Within the Coldwater River, all 
Coho Salmon spawn over approximately a three-week period from mid-November to early 
December – but conditions within the intragravel environment contribute to substantial 
differences in survival, rate of development and emergence times among spawning 
locations. Considering the small window of time for spawning shown by Coho Salmon 
across their geographic range, spawning time in Coho Salmon may be more important than 
time of emergence for fry which varies tremendously across their geographic range (Tuor 
and Shrimpton 2019), but also within watersheds (present study). Quinn (2018) stated that 
emergence time was driven by the evolution of spawning time, and not the developmental 
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rate of the embryos. Brannon (1987) stated that emergence time is a major selective force 
that will influence time of spawning. The emergence time range presented in my findings 
therefore, contradict the work by Quinn (2018) and Brannon (1987).  
The relationship between emergence time versus survival demonstrates a trade-off 
that exists among redd locations. It is unclear whether selective pressures will favor early 
emergence to maximize overall survival or favor increased survival in the redd. For 
populations of salmon with low escapement such as IFC, there is a considerable advantage 
of spawning over a short period of time because greater spawner density can affect mate 
choice and offspring production (Auld et al. 2019; Weir et al. 2012). Higher density of 
spawners utilizing a range of locations would also spread stochastic risk in redd habitat 
variability. An example of this stochasticity was the high flows in November during Year 1 
resulting in scouring and bed movement and subsequent poor survival in the river main 
stem, while off channel habitat at Juliet Pond was sheltered from flooding. Despite the 
adverse incubation conditions at Juliet Pond, survival to emergence in Year 2 was greater 
compared to survival for all mainstem locations in Year 1. Additionally, the Juliet Pond fry 
emerged eight weeks earlier than conspecific embryos still in gravel at upper main stem 
locations. Perhaps, the tradeoff of low levels of DO are offset by the ability of the fry to 
begin exogenous feeding earlier and grow to a larger size within the first year. Growth and 
food potential are high due to warm pond water, further support that the adverse conditions 
could be off-set by favorable post emergence habitat. Lavery and Cunjak (2019) showed 
survival has multiple interaction factors affecting it and is not limited to one variable. 
Further investigation of growth in post emergence fry incubated under different 
environmental conditions could provide information on fry fitness and improve the 
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understanding of selective pressures that may influence the survival to emergence timing 
trade-off observed in my study.   
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The effect of low dissolved oxygen on growth and development of 




Understanding the effect of dissolved oxygen on developing salmon embryos is important as 
the level of dissolved oxygen can be highly variable in natural salmon redds. The effect of 
low oxygen levels (50% of saturation 5.5 ± 0.4 mg · L–1 at 8 ºC), variable oxygen level (12 h 
at 50% saturation and 5.7 ± 0.6 mg · L–1 and 12 h at saturation 10.6 ± 0.4 mg · L–1 at 8 ºC), 
and saturated oxygen levels (10.9 ± 0.1 mg · L–1 at 8 ºC) on larval Coho Salmon was 
examined from the eyed stage until button-up; a duration of 56 days. Two half-sibling 
families were created in the laboratory and larvae were sampled at 60, 75, 85, and 95 days 
post fertilization (dpf). A family effect was found as smaller eggs produced smaller alevin, 
but the effect of low dissolved oxygen on growth and survival was also greater for the 
family with small eggs. Concentration of oxygen affected rate of development. However, 
differences in length and mass diminished over the duration of the experiment and 
disappeared at button-up among the three treatments for either family. Oxygen consumption 
measurements just prior to button-up differed by family but not by treatment. Oxygen 
treatments did not have a lasting effect on the length and mass of post button up fry 
(sampled at 112 dpf, 126 dpf and 140 dpf), and family effect over this growth period 
decreased. My work demonstrates the tremendous plasticity that exists during development 
for larval Coho Salmon.   
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Introduction 
 Levels of dissolved oxygen (DO) exert major influences on development of 
embryonic salmonids (Del Rio et al. 2019; Sear et al. 2014). Reduced oxygen levels leads to 
four behavioral responses in fish: change in activity, increase in ventilation rate, surface 
respiration, and increased movements in the environment (horizontally or vertically) 
(Kramer 1987). Further, residence spent in an hypoxic environments may reduce fitness 
(Kramer 1987) – although the response of fish may vary with life stage. For salmonids, the 
embryonic stage appears to be particularly sensitive to low DO with two peaks for critical 
oxygen requirements: when the blastodisc forms and just prior to hatch (Greig et al. 2007; 
Rombough 1988). Temperature, however, is the principal driver of development (Quinn 
2005; Sandercock 1991). As embryo and larval salmon are generally non-mobile, they must 
endure the environmental conditions that exist within the redd where the adults spawned. 
McRae et al. (2012) demonstrated that DO levels in redds where Coho Salmon spawned in a 
BC interior stream were significantly greater than locations where fish did not spawn.  
There are few studies that have focused on embryonic development during hypoxic 
conditions in salmonids (Miller et al. 2008). Low levels of DO are harmful to developing 
salmon embryos and extremely low DO can cause mortality (Alderdice et al. 1958), while 
more moderate low levels of DO can slow development rate and produce smaller fish (Del 
Rio et al. 2019; Wood et al. 2019). Low levels of DO have less of an impact on large eggs, 
contrary to the notion that larger surface to volume ratio of small eggs would be favored due 
to the greater diffusive capacity (Einum et al. 2002; Rombough 2007). This selective 
pressure, therefore, could favor females with large eggs.  
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 In my earlier work, I found considerable variation in DO among study sites in the 
Coldwater River, BC, a tributary to the Nicola River (Chapter 2). Dissolved oxygen levels 
were found to be less than 50% of saturation at some spawning locations and greater than 
85% saturation at other locations where Coho Salmon spawned. Due to the variability in 
oxygen, temperature, and climatic conditions in the study area, I was interested in 
investigating the effects of low DO on developing embryos in a controlled laboratory 
experiment. Coho Salmon gametes were collected in the fall of 2018 and transported to the 
UNBC Aquatic Animal Holding Facility in Prince George, BC to assess the effect of low 
DO levels on early life stage development. Three treatments of DO were examined: 
saturation (control), variable DO, and low DO. Eggs from two females were used to 
determine potential family effects or if response differed among treatments due to egg size. 
During incubation survival, length, mass, and stage of development were measured. To 
determine if treatment resulted in physiological response, respirometry measurements were 
conducted on alevin just prior to button up. 
Methods 
 Eggs from two females and milt from one male, provided by the Spius Creek Salmon 
Enhancement Facility, Fisheries and Oceans Canada, were transported to the UNBC Aquatic 
Animal Holding Facility on November 15, 2018. At UNBC, eggs and milt were mixed to 
create two half-sibling families. All procedures were approved by the UNBC Animal Care 
and Use Committee (protocol 2018-03). Mean mass of eggs from female 1 and female 2 
were 0.147 g and 0.120 g, respectively. Following fertilization, eggs were water hardened 
for five minutes and then immersed in a dilute solution of Ovadine® for ten minutes before 
being washed with clean dechlorinated City of Prince George water. Following water 
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hardening, eggs were placed into Heath trays with dividers to separate families and 
replicates.  
 The incubation apparatus consisted of three separate systems comprised of a 200 L 
reservoir, filter, and Heath stack. Each Heath stack had an Onset® Hobo™ model U26-001 
(Bourne, MA) data logger to measure DO and temperature in the top tray, set to log at 15-
minute intervals. A recirculating pump (Danner utility pump model 5, Islandia, New York) 
was used to create a water flow rate of 4 L · min–1 which was regulated by a ball valve. The 
inline filtration system consisted of two Pentair ™ filter housings (model fxc, Apopka, 
Florida) in series. The first housing held a 100 nm particulate filter followed by a second 
housing holding a bag of Kent Marine reef carbon to remove metabolic wastes. Chillers 
(Model D1-33, Frigid Units Inc., Toledo, Ohio) cooled water to 8 °C for the duration of the 
experiment (Table 3.1).  
 Three treatments were set up consisting of ~85 to 100% saturation (control), variable 
DO (45 to 55% for 12 h and ~85 to 100% for 12 h), and low DO (45 to 55% saturation). 
Dissolved oxygen was stripped from water by bubbling nitrogen through two polyvinyl 
chloride (PVC) columns, measuring 10.6 cm (OD) by 108 cm (H), one for each 
experimental treatment. Nitrogen gas was regulated by a 0.6 cm LDPE tubing leading from 
the nitrogen regulator (ProStar platinum - Praxair, Danbury, Connecticut) to a micro adjust 
valve then connected to an air stone installed at the bottom of each stripping column. Water 
flowed to the top of the column from the 200 L reservoir and flowed counter current to the 
nitrogen bubbles. Low DO water was introduced to the top Heath tray by gravity and flowed 
through subsequent trays before collecting in a lower reservoir and pumped back to the 200 
L reservoir. Dissolved oxygen levels down to 4.1 mg · L–1 could be achieved with this 
method, but levels in this range result in mortality for long term exposure trials (Alderdice et 
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al. 1958; Malcolm et al. 2008). A DO of 5.0 mg · L–1 to 5.5 mg · L–1 at 8 °C, therefore, was 
targeted for the duration of the experimental treatments.  
 Handheld multimeters (YSI® Pro plus and Pro DO, Yellow Springs, Ohio) were 
used daily to measure water temperature, DO, pH, and conductivity. A minimum of 12 L of 
water was removed each day from the experimental systems and replaced with 12 L or more 
depending on water loss from drips and evaporation. Water used in the experiment was 
dechlorinated City of Prince George tap water. During daily water checks, dead eggs or 
alevin were counted and removed. The system was disinfected with Ovadine® prior to egg 
placement. Three trays were used within each Heath tray stack: the top most tray was a 
reservoir and contained the oxygen and temperature data logger, the next tray contained 
eggs, and the lowest tray collected the water before draining into a lower reservoir.  
Part 1 – Incubation and larval development 
Prior to manipulation of oxygen levels, all eggs were incubated in the control system 
until they were eyed (41 days post fertilization; dpf) after which eggs were distributed to the 
three different treatment set-ups at 42 dpf. Each heath tray was divided into 16 cells, only 
the front eight cells were used – four replicates per family. The eggs were split evenly into 
the cells in an alternating pattern to spread the replicates and families out. Handling eggs 
served as a mechanical shock to identify eggs that were not developing. Therefore, eggs 
were left over night before oxygen treatment began and any dead eggs were removed, at 
which time eggs were counted again and distributed evenly between the three systems. 
Experimental manipulation of oxygen levels started at 43 dpf. For the duration of 
incubation, the lights were kept off when checks were not being completed and additional 
black plastic was taped to the front and back of the Heath tray stacks to minimize light 
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infiltration during daily checks. During the experiment, fish were checked twice daily; 08:00 
to turn the nitrogen on in the variable treatment and rebalance gas flow followed by daily 
water checks, then at 20:00 to turn nitrogen off in the variable treatment and to balance the 
gas flow in the chronic low DO treatment.  
 Alevin were sampled at 60, 75, 85, and 95 dpf. Alevin were measured for total length 
(TL; mm) and mass (g) in all four intervals and during the first three intervals for yolk and 
somatic mass. Five alevin were sampled from each of the four replicates for both families 
and all three treatments. Fish were blotted dry on paper towel prior to being weighed and 
then measured for total length with calipers. Temperature and accumulated thermal units 
(ATU) were consistent among the three experimental treatments (Table 3.1). Dissolved 
oxygen for the variable treatment achieved similar levels to the control treatment alternating 
with similar values to the chronic low DO treatment. Condition factor is a good measure to 
characterize the relative plumpness between fish of a similar size (Zale et al. 2012). 
Condition factor (K) was calculated at sample intervals to compare conditions between 
treatments and families. The equation for condition factor is as follows: 
  =  ( /  ) ∗  100,000 
Where M = mass (g); and L = length (mm).  
Part 2 - Respirometry 
 Routine metabolic rate was determined on juvenile Coho Salmon from the different 
treatment groups just prior to complete yolk absorption; between 89 and 98 dpf following 
the protocol developed by (Sungaila 2018). Respirometer chambers were held in two water 
saturated baths maintained at 8 °C with two pumps recirculating water from one of the 
experimental reservoirs. Each water bath had three respirometer chambers (9 x 35 mm; 2.31 
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ml; CH20100, Loligo Systems, Tjele Denmark). Two peristaltic pumps were used to 
circulate water during the open or closed cycle controlled by an eight channel respirometry 
system (DAQ-PAC-F3, Loligo Systems). Witrox fibre optic units (Loligo Systems) 
measured the oxygen levels in each chamber and data were collected using the AutoResp 
software v 2.2.0 (Loligo systems) using the automated intermittent flow respirometry 
settings.  
Families and treatments were placed randomly into the respirometer chambers in 
pairs such that fish from the same treatment but different family were in adjacent chambers, 
on subsequent trials different treatment fish were rotated to the next chamber set, so that all 
treatments were tested in all cells. For each trial, respirometer chambers were “flushed” for 
35 min, followed by a 5 min “wait” period and 25 min “measure” period which was repeated 
nine to 12 times for each fish depending on start time and whether bubbles accumulated in 
the cells and needed to be cleared. Oxygen sensors were calibrated daily. For data analysis, 
the lowest three measurements were used to calculate routine metabolic rate. A minimum 
decrease of 0.85 mg · L–1 DO and a slope with R2 greater than 0.90 was used for data 
inclusion in the analysis. Not all trials had measurements that met the criteria and these data 
were excluded. Chambers were left empty to determine background oxygen consumption 
and oxygen variation. Sample size for each treatment and family were: control family 1, 8; 
control family 2, 8; variable DO family 1, 6; variable DO family 2, 10; low DO family 1, 6; 
and low DO family 2, 7.  
The equation used to calculate oxygen consumption (Steffensen 1989) was: 
   2 =
V ∗ △ [  ]
△   ∗  
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Where V was the volume of cylinder (ml) corrected for volume of fish, where fish density 
was assumed to be equal to that of water; D[O2] was the change in oxygen over the 
measurement period; Dt was the time duration (seconds), and M was the mass of the animal 
(g). 
Part 3 - Post button up 
 Larval fish were held in the Heath tray stacks until 98 dpf to allow for the variable 
DO and low DO treatments to reach button up, after which fry were moved to the 
Recirculation Aquarium system to assess growth post button up. Replicates from each tray 
were combined into a single tank; control, variable DO, and low DO tanks for each family – 
six tanks in total. Once the fish were moved from the Heath tray stacks to the recirculation 
aquarium system, lights were set at a 12 h photo period. Along with the daily water 
chemistry and water exchange checks, fish were fed twice a day with a combination of 
BioVita Starter (Skretting, Vancouver, British Columbia), flake food, and brine shrimp. The 
recirculation system had two hobo loggers to monitor the DO and temperature (10.24 ± 0.60 
mg · L–1 and 9.97 ± 2.17 °C). Due to technical difficulties, system water temperature 
gradually increased over the holding time from 98 to 140 dpf, from 8.31 °C to 15.74 °C 
(daily mean), subsequently DO decreased from 10.72 mg · L–1 to 8.95 mg · L–1 (daily 
mean). During the post button-up period, the fish were sampled for fork length (FL) and 
mass (g) at 112 dpf, 126 dpf, and 140 dpf. At 112 dpf, 20 fish were sampled from each 
treatment family. At 126 dpf and 140 dpf, the number of fish sampled was increased to 30 
fish from each treatment family. Once the experiment was completed the fish were 
euthanized in compliance with Animal Care and Use Committee protocol 2018-03.  
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Data analysis 
 Data analysis was conducted with R version 3.6.2 (R Core Team 2019). Data was 
initially assessed with boxplots and Cleveland dotplots to view data visually and to identify 
possible outliers. Outliers in data were examined and removed from data sets if they were 
determined to be extreme values or measurement error. A two-way Analysis of Variance 
(ANOVA) was used to test for differences between families, among treatments, and the 
interaction between family and treatment at each sampled time period. Post ANOVA 
residuals were assessed for normality and homoscedasticity, with a Shapiro-Wilk test and 
Leven’s test respectively. If normality test failed, log transformation was conducted to 
normalize data. Normality still failed, however, in three instances; yolk mass at 60 dpf, 
length at 112, and length at 126 dpf. Analysis of Variance (ANOVA), however, is 
reasonably robust to departures from normality (Zale et al. 2012), but results were 
interpreted with less confidence. Possible explanations for data failing normality, are due to 
measurement error or lack of data resolution. Yolk mass was determined by dissecting 
frozen yolk sac and it is possible that some of the yolk had melted during sample processing. 
Length at 112 and 126 dpf were determined using a measuring board with 1 mm increments. 
Review of residual QQ-norm and scatter plots showed incremental clumping of 
measurement data, likely due to resolution of measurements. If the ANOVA test found 
significant differences, a Tukey’s HSD (honestly significant difference) post hoc test was 
conducted to determine specific interactions. 
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Results 
Part 1 – larval development 
Survival & Hatch 
 Survival from fertilization to the eyed-stage was high for both families; 92 and 99% 
for family 1 and family 2, respectively. Following the commencement of the DO treatments, 
there was little effect on survival for family 1. Survival was reduced in the variable DO 
treatment and low DO treatment for family 2 (Table 3.2), however, a two-way ANOVA 
found no significant difference in survival. Date for initial hatch showed variability among 
treatments, but date for 50% and 100% hatch were remarkably consistent within treatments 
(Table 3.3). Variable and chronic low DO treatment achieved 50% hatch 2 dpf earlier than 
the control fish, with little pattern at 100% hatch.  
Length 
 Following hatch, Coho Salmon alevin sampled throughout incubation showed 
considerable growth through to button-up. Length differed significantly between the two 
families; a result that persisted from shortly after hatch (60 dpf) to button-up (95 dpf) 
(Figure 3.1; Table 3.4). Additionally, dissolved oxygen concentration had an effect on length 
of alevin that was significant at 60, 75, and 85 dpf with the control fish consistently larger 
than the variable DO or low DO groups. Length, however, did not differ among the 
treatments at 95 dpf. The interaction between treatment and family was not significant for 
length at any of the sampling intervals.  
Mass 
 Post hatch Coho Salmon alevin increased in mass over the incubation period in all 
treatments. Mass differed significantly between family at all measurement intervals (Figure 
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3.2; Table 3.5). Treatment had a significant effect on mass; alevin held in variable DO and 
low DO had lower mass at 60, 75, 85, and 95 dpf relative to the control group. The 
interaction between treatment and family was not significant for mass at any of the sampling 
intervals. 
Yolk Mass 
 Mass of yolk differed significantly between families at 60, 75 and 85 dpf (Figure 
3.3). However, treatment by family interactions were found to be significant at these time 
periods (Table 3.6). When families were analysed separately, post hoc comparisons found 
no difference among treatments at 60 and 75 dpf. At 85 dpf, the variable DO group differed 
from the low DO group for family 1 and the control group differed from the low DO group 
for family 2. 
Condition factor 
 The effect of family on condition factor decreased with stage of development, while 
the treatment effect decreased with stage of development (Figure 3.4; Table 3.7). Condition 
factor at 60 dpf was not included as the alevin were primarily yolk and values of K were 
greater than 1.5. Alevin in variable DO and low DO groups had a higher condition factor 
compared to control at 75 and 85 dpf, while no difference was measured at 95 dpf. The 
interaction between treatment and family was not significant for condition factor at any of 
the sampling intervals. 
Respirometry  
 Respirometry data showed that there was a significant difference in oxygen 
consumption between families (F1,39 = 27.975, P < 0.001) (Figure 3.5). Treatment did not 
have an effect on oxygen consumption and the interaction between treatment and family was 
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not significant. Outliers in the data set with more than two standard deviations were 
removed; two values in the variable DO family 2, 208.41 mg O2 · kg–1 · hr–1 and 228.94 mg 
O2 · kg–1 · hr–1; one in family 1 control, 298.30 mg O2 · kg–1 · hr–1, and one each in family 1 
variable DO and low DO treatments, 318.39 mg O2 · kg–1 · hr–1 and 246.21 mg O2 · kg–1 · 
hr–1, respectively. Comparable analysis of routine metabolic rate by Sungaila (2018) at 9 °C 
12°C and 15 °C with calculated means of 86.43 ± 6.98 SD O2 · kg–1 · hr–1, 77.27 ± 12.94 SD 
O2 · kg–1 · hr–1 and 98.10 ± 37.18 SD O2 · kg–1 · hr–1 support removal of data listed above. 
Although blank trials showed variation in oxygen levels with time, none of the blank runs 
were at or above the data cut off threshold of 0.85 mg · L–1 and R2 of 0.90. 
Timing for button up 
 Button-up occurred at 95 dpf in the control treatment for both families. Button-up 
was consistent within treatments with no difference between the two families. However, 
button up was delayed in the variable DO treatment by 1 to 2 days and further delayed in the 
chronic low DO treatment by 2 to 3 days compared to the control fish. Variable DO 
treatment was close to button up at 95 dpf in family 1, while family 2 was delayed a day. In 
low DO treatment, family 1 was close to button up at 95 dpf, while family 2 still showed 
some visible yolk. 
Part 2 – Post Button up growth 
Length  
 A significant family effect was found at 112 dpf and 126 dpf where family 2 was 
shorter (Figure 3.6; Table 3.8). Length did not differ among treatments post button up. A 
family by treatment interaction was significant at 140 dpf, however, post hoc analysis did 




 Following button up family effect was significant on mass at 112 dpf, where family 2 
had less mass. However, at 126 and 140 dpf there was no family effect on mass (Figure 3.7; 
Table 3.9). Treatment did not affect mass post button up at 112 and 126 dpf, however at 140 
dpf, there was a significant interaction between treatment by family. There was no treatment 
effect in family 2, while a post hoc test found a difference between the control and low DO 
treatments in family 1.  
Condition Factor 
 After initial transfer to the rearing tanks, condition factor was low for all Coho 
Salmon fry. The combined mean condition factor for all groups increased from 0.678 ± 
0.067 SD at 112 dpf to 0.856 ± 0.067 SD at 140 dpf (Figure 3.8; Table 3.10). Family effect 
was significant at 112 dpf and 140 dpf on condition factor, but not at 126 dpf. Treatment 
had no effect on condition factor post button up. A family by treatment effect was found at 
140 dpf, a post hoc test fount no difference among treatments for family 2, while family 1 
had a difference between control and low DO, and control and variable DO treatments. 
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Table 3.1. Summary of temperature, dissolved oxygen (DO) and accumulated thermal units 
(ATU) on treatments 1 – 98 days post fertilization (dpf). Days 1 – 41 dpf all eggs were 
incubated in the control system, days 42 – 98 dpf experimental treatments occurred. Daily 
mean shown for control, variable DO, and low DO. Variable DO shown as the mean of 
saturated DO for 12hr, and Low DO for 12hr for treatment duration. 
 1 – 41 dpf 42 to 98 dpf 
Treatment DO mg · L–1 Temp °C ATU DO mg · L–1 Temp °C Total ATU 



























Table 3.2. Mean survival for family 1 and family 2 exposed to the three treatments from 43 
to 98 days post fertilization. Measurements are presented ± 1 SD.  
Survival during oxygen 
manipulation 43 to 98 dpf 
Family 
Treatment Family 1 Family 2 
Control 90% ± 15 93% ± 6 
Variable DO 93% ± 5 88% ± 6 
Chronic DO 93% ± 6 74% ± 18 
 
Table 3.3. The number of days until hatch after fertilization (days post fertilization; dpf) for 
juvenile Coho Salmon exposed to three experimental treatments; saturated dissolved oxygen 
(control), variable DO (12 h saturated, 12 h 50% saturation), and chronic low DO (50% 
saturation).  
Hatch time (dpf) Control Variable DO Low DO 
 Family 1 Family 2 Family 1 Family 2 Family 1 Family 2 
First observed hatch 53 52 53 53 54 53 
50% hatch 60 60 58 58 58 58 





Figure 3.1. Boxplot of Coho Salmon alevin total length (mm), measured at 60, 75, 85, and 
95 days post fertilization (dpf). Five alevin from each of four replicates were sampled for 
each family (n = 20) and treatment at different stages of development. “C” is the control 
treatment with dissolved oxygen (DO) concentrations near saturation, “V” is for the variable 
treatment where DO levels were near saturation for 12 h and 50% of saturation for 12h, and 
“L” is for low treatment where DO was maintained at approximately 50% of saturation. 
Dissolved oxygen manipulation was initiated when the embryos were fully eyed. Common 
letters indicate that effect of treatment does not differ significantly.  
Table 3.4. Summary of statistics for two-way ANOVA on length comparisons between 
families and among treatment – family at 60, 75, 85, and 95 days post fertilization (dpf). 
 
Family Treatment Treatment x Family 
dpf df F P df F P df F P 
60 1,111 238.077 < 0.001 2,111 15.808 < 0.001 2,111 1.194 0.307 
75 1,111 163.603 < 0.001 2,111 32.529 < 0.001 2,111 0.365 0.695 
85 1,114 260.830 < 0.001 2,114 65.980 < 0.001 2,114 2.909 0.059 




















































































Figure 3.2. Boxplot of Coho Salmon alevin mass (g), measured at 60, 75, 85, and 95 days 
post fertilization (dpf). Five alevin from each of four replicates were sampled for each 
family (n = 20) and treatment at the different stages of development. “C” is the control 
treatment with dissolved oxygen (DO) concentrations near saturation, “V” is for the variable 
treatment where DO levels were near saturation for 12 h and 50% of saturation for 12h, and 
“L” is for low treatment where DO was maintained at approximately 50% of saturation. 
Dissolved oxygen manipulation was initiated when the embryos were fully eyed. Common 
letters indicate that effect of treatment does not differ significantly. 
Table 3.5. Summary of statistics for two-way ANOVA for mass comparisons between 
families, treatment and among treatment – family at 60, 75, 85, and 95 days post fertilization 
(dpf).  
 
Family Treatment Treatment x family 
dpf df F P df F P df F P 
60 1,111 602.836 < 0.001 2,111 5.230 0.007 2,111 0.913 0.404 
75 1,112 673.326 < 0.001 2,112 19.461 < 0.001 2,112 0.400 0.672 
85 1,112 925.161 < 0.001 2,112 3.320 0.040 2.112 2.931 0.057 

















































































Figure 3.3. Boxplot of Coho Salmon alevin yolk mass (g), measured at 60, 75, and 85 days 
post fertilization (dpf), Alevin were frozen post length and mass measurement then yolk sac 
was dissected and weighed while still frozen. Five alevin from each of four replicates were 
sampled for each family (n =20) and treatment at the different stages of development. “C” is 
the control treatment with dissolved oxygen (DO) concentrations near saturation, “V” is for 
the variable treatment where DO levels were near saturation for 12 h and 50% of saturation 
for 12h, and “L” is for low treatment where DO was maintained at approximately 50% of 
saturation. Dissolved oxygen manipulation was initiated when the embryos were fully eyed. 
Common letters indicate that effect of treatment does not differ significantly.  
Table 3.6. Summary of statistics for 2-way ANOVA for yolk mass comparisons between 
families, treatment and among treatment – family at 60, 75, and 85 days post fertilization 
(dpf).  
 
Family Treatment Treatment x family 
dpf df F P df F P df F P 
60 1,113 273.450 < 0.001 2,113 1.1406 0.323 2,113 3.300 0.040 
75 1,110 191.844 < 0.001 2,110 2.834 0.063 2,110 4.823 0.010 











































Figure 3.4. Boxplot of Coho Salmon alevin condition factor (K) measured at 75, 85, and 95 
days post fertilization (dpf). Five alevin from each of four replicates were sampled for each 
family (n = 20) and treatment at the different stages of development. “C” is the control 
treatment with dissolved oxygen (DO) concentrations near saturation, “V” is for the variable 
treatment where DO levels were near saturation for 12 h and 50% of saturation for 12h, and 
“L” is for low treatment where DO was maintained at approximately 50% of saturation. 
Dissolved oxygen manipulation was initiated when the embryos were fully eyed and length 
and mass measurements began after hatch. Common letters indicate that effect of treatment 
does not differ significantly.  
Table 3.7. Summary of statistics for 2-way ANOVA for condition factor (K) comparisons 
between families, treatment and between family - treatments at 75, 85, and 95 days post 
fertilization (dpf). 
 
Family Treatment Treatment x family 
dpf df F P df F P df F P 
75 1,108 0.168 0.683 2,108 29.414 < 0.001 2,108 0.422 0.657 
85 1,112 10.224 0.002 2,112 79.198 < 0.001 2.112 1.393 0.253 






























































Figure 3.5. Boxplot of Coho Salmon alevin respirometry of family 1 and family 2, as 
measured between 89 to 98 days post fertilization (dpf) pre-button up on Coho alevin. 
Measurements were conducted in near saturated oxygen conditions. “C” is the control 
treatment with dissolved oxygen (DO) concentrations near saturation, “V” is for the variable 
treatment where DO levels were near saturation for 12 h and 50% of saturation for 12h, and 

























Figure 3.6. Boxplot of Coho Salmon fry length (mm) measurements post button up at 112, 
126, and 140 days post fertilization (dpf). Post button up, Coho Salmon fry were held in 
Aquatic Recirculation System near saturation arranged in respective pre-button up treatment 
groupings, separated by family, 112 dpf n = 20 per family per treatment, 126, 140 n = 30 per 
family per treatment. “C” was the control treatment with dissolved oxygen (DO) 
concentrations near saturation, “V” was the variable treatment where DO levels were near 
saturation for 12 h and 50% of saturation for 12h during incubation, and “L” was low DO 
treatment where DO was maintained at approximately 50% of saturation during incubation.  
Table 3.8. Summary of statistics for 2-way ANOVA length comparisons between families, 
treatment and between treatments - family at 112, 126, and 140 days post fertilization (dpf). 
 
Family Treatment Treatment x family 
dpf df F P df F P df F P 
112 1,114 60.303 < 0.001 2,114 0.103 0.902 2,114 0.721 0.489 
126 1,174 4.888 0.028 2.174 0.406 0.667 2,174 0.177 0.838 









































Figure 3.7. Boxplot of Coho fry mass (g) measurements post button up at 112, 126, and 140 
days post fertilization (dpf). Post button up, Coho fry were held in aquatic recirculation 
system near saturation arranged in their respective pre-button up treatment groupings and 
separated by family where “C” was the control treatment with dissolved oxygen (DO) 
concentrations near saturation, “V” was the variable treatment where DO levels were near 
saturation for 12 h and 50% of saturation for 12h during incubation, and “L” was low DO 
treatment where DO was maintained at approximately 50% of saturation during incubation.  
Table 3.9. Summary of statistics for 2-way ANOVA comparisons between families, treatment 
and between treatments - family at 112, 126, and 140 days post fertilization (dpf). 
 
Family Treatment Treatment x family 
dpf df F P df F P df F P 
112 1,114 39.509 < 0.001 2,114 0.641 0.529 2,114 0.346 0.709 
126 1,173 3.163 0.077 2,173 0.015 0.985 2,173 0.436 0.647 












































Figure 3.8. Boxplot of Coho Salmon fry condition factor (K) post button up at 112, 126, and 
140 days post fertilization (dpf). Post button up, Coho fry were held in aquatic recirculation 
system near saturation arranged in their respective pre-button up treatment groupings and 
separated by family, where “C” was the control treatment with dissolved oxygen (DO) 
concentrations near saturation, “V” was the variable treatment where DO levels were near 
saturation for 12 h and 50% of saturation for 12h during incubation, and “L” was low DO 
treatment where DO was maintained at approximately 50% of saturation during incubation.  
Table 3.10. Summary of statistics for 2-way ANOVA condition factor (K) between families, 
treatment and among treatment - family at 112, 126, and 140 days post fertilization (dpf). 
 
Family Treatment Treatment x family 
dpf df F P df F P df F P 
112 1,114 12.157 < 0.001 2,114 1.637 0.199 2,114 0.180 0.835 
126 1,173 0.923 0.338 2,173 0.929 0.397 2,173 1.029 0.360 


























































 Dissolved oxygen levels affected development of larval Coho Salmon without a 
significant effect on survival. Low DO levels resulted in shorter and lighter larval Coho 
Salmon relative to control fish reared at saturated DO levels. As dissolved oxygen 
measurements varied among sites in natural redds within a watershed (Chapter 2), my 
findings suggest that considerable differences in development occur in naturally spawned fish 
due to DO levels. For my study, DO was held at a level to produce a developmental response, 
while limiting mortality of larval Coho Salmon (Davis 1975; Sergeant et al. 2017). Effects of 
low DO during incubation, however, did not persist post button up as the effect of treatment 
was no longer significant. I also found that egg size (maternal family effect) influenced the 
response of juvenile Coho Salmon to low DO during incubation.  
Effect of egg size 
 There was a clear effect of egg size on growth. Difference in egg size resulted in a 
significant family effect during larval development. Large eggs were less impacted by DO 
compared to small eggs. Similar results were found by Heath et al. (1999) showing that egg 
size positively impacted survival in a study on Chinook Salmon (O. tshawytscha). Beacham et 
al. (1985) showed in a study on Coho and Chinook Salmon that alevin from large eggs were 
larger and weighed more compared to small eggs, and the size difference was maintained until 
yolk was completely absorbed. Einum et al. (2002) showed large eggs survive better at lower 
levels of DO. Higher diffusive capacity exists for larger eggs (Rombough 2007) indicating a 
mechanism by which egg size had a positive effect on growth and potentially survival in 
embryo and alevin Coho Salmon.  
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Survival & Hatch 
 Generally, survival in all treatments was high (Table 3.3). While survival was not 
significantly different, there was a trend that suggested that Family 1 with larger eggs had 
higher survival in low DO treatments compared to family 2. Heath et al. (1999) found survival 
was positively related to egg size. The lack of effect of egg size in my study could result from 
the limited low DO exposure before hatch as treatments were initiated after eggs were well 
eyed at 43 dpf and first hatch occurred at 53 dpf in the control. The level of DO may not have 
been low enough to affect survival, but there was an effect on development. Time of hatch 
was delayed in treatments of variable and low DO, similar to studies by Silver et al. (1963) 
and Geist et al. (2006). My findings differed from the foundational work by Alderdice (1958) 
(conducted at 10 °C), where low DO caused premature hatch. Effect of duration, DO level, 
and rate of water flow will also affect hatch date (Silver et al. 1963). Visual observations of 
alevin mortality during hatch, where alevin died while emerging from egg shell where similar 
to those observed by Del Rio et al. (2019). Del Rio et al. (2019) suggested that the emergence 
time period is energetically intensive, where oxygen demand may exceed what is available 
resulting in higher mortality. This type of mortality was more prominent in the low DO 
treatment than variable DO or control treatments.  
Length  
 The larger egg size in family 1 compared to family 2 consistently translated into alevin 
with greater length during the incubation period (Figure 3.1). Heath et al. (1999) found at 
early life stage body size is regulated by maternal effects, then slowly decreases during 
development. At 60, 75, and 85 dpf, length was found to be significant in both family 1 and 
family 2, where variable and low DO treatments were shorter compared to control. Mason 
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(1969) and Matschak et al. (1997) found that low levels of DO result in fish that were smaller 
at hatch and had a shortened body length. This observation was only visible in length until 85 
dpf, while at 95 dpf treatments had no effect on length. Roussel (2007) found in a study on 
Brown Trout (S. trutta) reared at 8.2 °C in normoxic and anoxic conditions, that a similar 
body size was observed at button-up, reinforcing results in the current study. Lengths of fish 
from the variable DO treatment groups were also intermediate between the control and low 
DO groups suggesting a direct response to low DO without any compensatory growth.  
Mass 
 Family and treatment had a significant effect on mass. Fish exposed to low DO had 
significantly less mass than control; consistent with findings of Mason (1969) and Garside 
(1966). At 95 dpf, mass in control was actually lower than mass in the two DO treatments. 
Due to the timing of button-up, it is likely that the control alevin had reached a development 
point where they were no longer adding mass from yolk conversion and had started to 
reabsorb somatic tissue. Heming and Buddington (1988) demonstrated that as yolk sac 
absorption nears completion the demand for nutrients surpasses what is available, leading to 
reduction of body mass prior to complete yolk absorption. This aids to explain why the 
treatment alevin passed the control alevin in mass.  
Development - yolk absorption & K value 
 Development was slower in variable and low DO treatments. Consistent with my 
findings, recent studies found hypoxic conditions will delay development (Del Rio et al. 2019; 
Polymeropoulos et al. 2017; Wood et al. 2017). Malcolm et al. (2003) and Matschak et al. 
(1997) found that alevin development in low DO levels had a decreased rate of yolk sac 
absorption compared to those reared in favorable conditions. The slow rate of yolk absorption 
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in variable DO and low DO treatments resulted in a higher condition factor in both families in 
treatment conditions at 75 and 85 dpf. As condition factor is a measure of plumpness, this 
result could be expected as the low DO treatments had slowed yolk absorption, meaning 
alevin would have a higher mass to length ratio. Del Rio et al. (2019), found condition factor 
to be higher in alevin (O. tshawytscha) reared in low dissolved oxygen conditions. Treatment 
had no effect on condition factor at 95 dpf. However, a minimal family effect was observed 
(Figure 3.4). 
Respirometry 
 Respirometry results were unexpected given the developmental differences measured 
between treatments and environments that larval Coho Salmon were exposed to during 
incubation. Miller et al. (2008) indicated that Rainbow Trout (O. mykiss) embryos are oxygen 
conformers within two weeks prior to hatch, therefore, oxygen demand was lower in embryos 
exposed to low DO levels. It is possible then, that larval Coho Salmon adapted to the oxygen 
levels in which they were held. Polymeropoulos et al. (2017) found that Atlantic Salmon 
alevin (Salmo salar) were able to acclimate to hypoxic conditions, by improving mechanisms 
for oxygen up take. Wood et al. (2019) showed that under hypoxic conditions Atlantic 
Salmon grew slower and had a lower routine aerobic metabolism with a higher tolerance to 
hypoxia compared to those reared in normoxic conditions. Respirometry measurements in the 
present study were conducted in water saturated with DO and it is possible that treatment 
alevin were not stressed enough during measurements to produce distinguishable differences 
between groups. Alevin have been shown to rapidly acclimate to their environment (Miller et 
al. 2008; Polymeropoulos et al. 2017). Consequently, a better method to assess differences 
would be to take control and treatment fish and assess oxygen uptake at 50% and 100% 
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saturation for comparison. It is also possible that 50% DO saturation is no longer 
physiologically limiting at button-up due to the efficiency of the gill (Fu et al. 2010).  
Development post button up 
 Treatment fish showed a remarkable developmental plasticity post button up. At 112 
dpf treatment had no effect on length and mass, while family effect was only present at 112 
dpf, but not for any later sampling dates. Heath et al. (1999) found that before button up, 
maternal effects dominated growth in larval Chinook Salmon, while post button up a 
relaxation of maternal influence was observed and paternal effects dominated. As both 
families in this study had the same sire, a convergence would be expected for growth. An 
interaction between control and family groups was present at 140 dpf for length, mass, and 
condition factor. Pair-wise comparisons found differences among treatments for family 1, but 
not family 2 for mass and K, but not length. This result is difficult to explain, however as the 
control in family 1 had the lowest mortality during trials and a large variation in measured 
mass; the finding, therefore, may be related to density of fish in the Aquatic Recirculation 
System as increases in density can limit growth (Fagerlund et al. 1981). 
 There appears to be minimal treatment effect on mass and length post button up. 
However, there may be undetermined costs associated with developing in low oxygen 
conditions post hatch that are not clear. Roussel (2007) found that Brown Trout (S. trutta) had 
decreased swimming ability and higher mortality post button up when incubated at low DO. 
In contrast, Wood et al. (2017) found that the long-term effect of hypoxia was negligible 
regarding aerobic performance, showing that if larval fish can pass adverse incubation 
conditions there is the potential to normalize due to developmental plasticity. Although larval 
Coho Salmon showed a remarkable plasticity in response to DO level, additional constraints 
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could further adversely affect survival in a natural context. For example, warmer temperatures 
reduce hatching success and thermal tolerance in hypoxic conditions (Del Rio et al. 2019). 
The effect of fine sediment on salmon redds could further compound stress, as sediment 
blocks flow pathways potentially further reducing DO. The reduction impedes emergence 
ability (Bowerman et al. 2014), thus increasing energetic costs during emergence and 
potentially leading to higher mortality. Overall, the adverse effects of low DO on larval 
development may be offset by the warmer rearing temperatures that accelerates growth rate 
(Chapter 2). Faster development would result in earlier emergence and exogenous feeding that 




 I found that Interior Fraser Coho (IFC) Salmon (Oncorhynchus kisutch) showed 
plasticity in site fidelity and also during early life stage development. My work demonstrated 
fine scale homing and straying in adult Coho Salmon, and expanded current knowledge on 
temperature and dissolved oxygen that larval Coho Salmon experience during incubation in 
the intragravel environment. Understanding how the natal environment influences early 
development and survival is crucial due to high mortality during the larval life stage – 
particularly for IFC as they are listed as endangered (FOC 2005). This expanded knowledge 
has the potential to aid in recovery efforts of IFC Salmon.  
 Salmon show remarkable homing ability to natal rivers (Quinn 2018). However, fine 
scale resolution in homing ability has yet been largely undefined. In Chapter 1, I present a 
novel approach using juvenile otoliths incubated in egg capsules acting as site reference for 
defining homing and straying at the reach level. I found 66.7% of Coho Salmon homed to 
natal sites, while 33.3% strayed to other areas within the same watershed. Site fidelity is 
important as it repeatedly makes use of good incubation habitat, but straying demonstrates 
plasticity in redd site selection. Straying is important characteristic to increase genetic 
stability, but also to use dynamic and varying river environments and to colonize new habitats 
when they become available. 
 My work demonstrated plasticity in Coho Salmon for adults in their selection of 
spawning locations, but also in development during early life stages. In Chapter 2, I 
investigated the hyporheic environment of IFC Salmon redds. Study sites varied substantially 
in temperature, level of dissolved oxygen, and electrical conductivity. Survival in redd 
environments was variable between years and among sites. Cold well oxygenated sites had 
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the highest survival, while warm sites with low dissolved oxygen had low survival. 
Temperature differences in the incubation environment directly affected development rates 
among sites, resulting in an eight-week range in emergence time for fry. My findings 
contradict the popular paradigm which suggests that spawning date and incubation length are 
optimized to synchronize timing of fry emergence (Brannon 1987; Quinn 2018). I found a 
large difference in emergence time for Coho Salmon in the Coldwater River; a difference of 
approximately 70 days between the upper Coldwater River location and Juliet Pond. Time of 
spawning in IFC Salmon could have a strong selective pressure for a narrow window of time 
to increase spawner count within a population and reduce fluctuations in population size 
among years – a factor important for maintaining effective population size (Frankham 1995a; 
1995b). It is expected that effective population size should increase with the total number of 
spawners in a population. Small effective population size and few spawners has been 
theorized to lead to inbreeding depression and a lack of response to stochastic events. Thus, 
small populations and populations with small effective population size are at a much greater 
risk for extinction (Franklin 1980; Newman and Pilson 1997). Time of spawning may be 
fixed, but time of emergence appears to be remarkably plastic. A prolonged period of 
emergence would increase the likelihood that some of the fish will survive. Fry that emerge 
early would have a potential advantage in feeding and setting up territories (Einum and 
Fleming 2000; Sandercock 1991), but may be at a disadvantage due to late winter weather and 
high flows from freshet (Brannon 1987; Sandercock 1991). Late emerging fry would miss 
poor weather to their advantage, but could face higher winter mortality due to lack of stored 
energy (Einum and Fleming 2000). Further, early emergence increases the exposure to 
potential predation from birds and piscivorous fish (eg. Cottus sp.). Roussel (2007) found that 
Brown Trout reared under low DO had poor swimming ability and increased predation, 
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illustrating the compounding effects of incubation environment. The environment that fry 
emerge into will also influence survival. Quinn (2018) stated that Coho Salmon have 
increased survival in deep pools, complex, and off channel habitat. Juliet Pond may be a less 
than an ideal incubation environment, but potential benefits may exist post emergence such as 
water depth for predator avoidance and favorable temperatures for growth and feeding 
opportunities. Swales and Levings (1989) showed that fry growth in off channel ponds in the 
Coldwater River was faster than main stem locations, producing longer fish at the end of the 
first growing season (June to November).  
 In addition to temperature, I also found that dissolved oxygen directly affected rate of 
development in larval Coho Salmon (Chapter 3). The effect of DO on rate of growth, 
however, was much less than that of temperature and did not offset the accelerated rate of 
development for Coho Salmon from redds in reaches strongly influenced by groundwater 
upwelling (Chapter 2). The response of Coho Salmon alevin to low levels of dissolved oxygen 
that I documented in Chapter 3, however, indicates the tremendous plasticity that exists for 
this species during the larval stage. As larval salmon have a limited ability to respond to 
environment by moving, a change in metabolic rate was expected – but not found. It is likely 
that the larval fish acclimated to the different incubation treatment conditions, demonstrating 
plasticity during this early life stage.  
My findings parallel other work on Coho Salmon and salmonids in general. Del Rio et 
al. (2019) showed Chinook Salmon when reared under hypoxic conditions were of a similar 
size at button up, demonstrating developmental plasticity in Chinook Salmon with similar 
results to Coho Salmon in Chapter 3. Swain and Holtby (1989) found that juvenile Coho 
Salmon fry (coastal) were able to adapt to different rearing habitats in rivers vs. lakes, 
reflecting plasticity at the habitat level, thus utilizing all available habitat, reducing 
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competition, and spreading risk while increasing production in the system. The wide use of 
habitat demonstrated by Swain and Holtby (1989) has parallels to my results where Coho 
Salmon embryos incubate at different locations with heterogenous conditions. Côte et al. 
(2012) demonstrated phenotypic plasticity in Atlantic Salmon at an early life stage under 
variable levels of hypoxia. Côte et al. (2012) suggested that the plasticity found in Atlantic 
Salmon may be beneficial for adaptive potential to climate change. Due to the similarity 
between my study and the findings of Côte et al. (2012), I suspect that the plasticity displayed 
by Coho Salmon could be adaptive for climate change. 
 My findings are particularly relevant for managing aquatic resources. Hypoxia has 
seen a marked increase as a result of anthropogenic influence since the 1960’s (Diaz and 
Rosenberg 2008). Climate change will likely increase occurrences of hypoxia through warmer 
temperatures in marine and freshwater systems; freshwater habitats are more susceptible 
(Diaz and Breitburg 2009). The effect of hypoxia in freshwaters of temperate regions such as 
British Columbia may be quite profound. Farrell and Richards (2009) argue that hypoxia may 
lead to the interruption of reproductive development in salmon. Although Wu (2009) showed 
that hypoxic effects depend on the level of oxygen and also the stage of development. 
Moderate hypoxia during development as shown in my study, may have limited physiological 
effects, as larval Coho Salmon appear to be able to acclimate. Under hypoxic conditions, 
however, gill lamellae are plastic; surface area will increase and thinner epithelial cells will 
develop in response to hypoxia (Farrell and Richards 2009). My work has provided insight 
into the effect of low dissolved oxygen on larval salmon development, but additional work on 
hypoxia is needed, particularly the long-term effects of hypoxia during early life stages.  
 A shift in environmental conditions resulting from climate change, however, may push 
the limits of plasticity in Coho Salmon. Increased river water temperatures affects migratory 
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behavior of salmon and potentially impact homing capacity to natal spawning sites (Westley 
et al. 2015). Reduced homing capacity coupled with recent pre spawn mortality caused by 
high river temperatures during migration could have long term effects on salmon spawning 
success (Quinn 2018). Warmer winters and increased water temperature will also shorten 
incubation time, shifting emergence time earlier (Crozier et al. 2018). Spawning date is 
heritable and could evolve with warming climatic conditions on a long-time scale (Crozier et 
al. 2018). The headwater streams that Coho Salmon spawn in may limit the effects of climate 
change and act as cold water refugia. Isaak et al. (2016) found that thermal habitat in high 
mountain streams will be buffered against climate change. It has also been predicted that 
greater environmental variation will be associated with climate change resulting in greater 
selective pressure for increased phenotypic plasticity (Vázquez et al. 2017). Hatfield (2006) 
reported a shift to earlier, and sometimes smaller spring freshet as an indication of climate 
change in the Coldwater River resulting in increased duration of summer low flows. If the 
trends of lower snow packs and earlier freshets continue in the Coldwater system, water flows 
may preclude access for returning adults, or limit available habitat for spawning and embryo 
incubation.  
 The results of my work in Chapter 2 have led to questions regarding the success of 
tradeoffs observed in incubation location, and larval development. To assess which tradeoffs 
are most successful, determination of survival for juvenile Coho Salmon at the end of the 
summer and following spring prior to smolting would help to determine the potential long 
term implications for tradeoffs observed in my study during the larval life-history stage. 
Additional work to assess site fidelity over a longer period of time could also reveal potential 
benefits of specific incubation locations. Expanding juvenile reference data to more sites 
would certainly be helpful in this regard. Additionally, site fidelity assessment using otolith 
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microchemistry should be compared to genetic population structure within the watershed to 
confirm that fish are not straying from beyond the area defined in my study. Such 
measurements could also be used to assess potential gene flow, define effective population 
size and potentially identify specific incubation habitats that contribute to a greater or lesser 
extent to population success within a watershed. 
 My work demonstrates that Coho Salmon show a high degree of plasticity. This 
plasticity will aid in the ability of this species to use new habitats that become available or 
adapt to existing ones as they change. My work also identified important spawning locations 
in the Coldwater River that Coho Salmon use repeatedly. Due to the non-mobility and 
sensitivity of early life stages, these spawning areas in the upper Coldwater River should be 
protected.   
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